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PREFACE. 



By F. L. Ransoub. 



The author of the present report has been studying the zinc and 
lead deposits of the Jophn r^on for the last 12 years, although his 
work has not lain continuously in that field. His knowledge of these 
deposits is consequently both intimate and extensive. It is usual in 
presenting the results of an investigation to publish with the con- 
clusions all the facts upon which the conclusions rest. Mr. Siehenthal 
has not followed iAoB plan. Having reached definite decisions on the 
question of how the ores were deposited, he has deemed it best to put 
these decisions and the significant facts on which they are based in 
form for immediate publication. A full presentation of hie evidence 
will require an account of the general geology of the region, with 
detailed descriptions of local tracts and individual mined. The prep- 
aration of this descriptive material, which must necessarily iaclude 
many maps and illustrations, will require coi^iderable time and some 
additional field work. The data wiU be published as a volume 
supplementary to the present report. 

The lead and zinc deposits of the Mississippi VaUey are not only of 
great economic importance, but have long been intensely interesting 
to students of ore deposits. They constitute a conspicuous example 
of the occurrence of sulphide ores in a r^on where, so far as can be 
determined, plutonic or volcanic activities can have had no part in 
their genesis. 

Naturally the Joplrn deposits have been much studied, and Mr. 
Siehenthal, on pages 39-41 of the present bulletin, has summarized the 
views of his predecessors, among whom have been some very able 
workers in economic geology. As he shows, there is not an important 
fonnation in the r^on that has not, at one time or another, been 
regarded as a source of ore constituents. Under these circumstanMS 
it was scarcely to be expected that he would add to the number of 
more or less reasonable hypotheses that had already been suggested 
or developed in explanation of the origin of these ores. His particular 
opportunity was that of testing these hypotheses by careful considera- 
tion of a lai^er body of facts than was available to earher workers, of 
discovering new evidence in th^e facts, and, by processes of elimina- 
tion, selection, and combination, of building up a consistent theory 
of genesis for the ore deposits of the Joplin type. 
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10 znro Ain> leas deposits of the joplin beoion. 

Mr. Siebenthal has succeeded well in his undertaking. In his 
thorough discussion of the artesian circulation, of the zinc and lead 
contents of the deep waters, and of the chemistry of the ore-depositing 
solutions he has brought new and important evidence to the support 
of his conclusions, 'Kme alone can show whether these conclusions, 
in their entirety, are final and whether the relative effects of deposition 
by ascending and enrichment by descending currents have been truly 
estimated. But there can be no doubt that Mr. Siehenthd's careful 
observation and cogent reasoning hare gone far to establish on a firm 
foundation the general conclusion that ordinary cold artesian water 
may under some circumstances be a very efficient agent in the solu- 
tion, transportation, and deposition of the constituents of certiun 
sulphide ores. 
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OUTLINE OF THE ORIGIN OF THE ZINC AND LEAD 
DEPOSITS OF THE JOPLIN REGION. 



QEOQRA.FHY. 



The Joplin region is one of four metaUiferoua areas bordering the 
Ozark uplift, which is a low asymmetric dome with rudely eUiptical 
outline, lyii^ in southern Missouri, northern Arkansas, southeaatem 
Kansas, and northeastern Oklahoma, l^e other areas are the cen- 
tral Missouri r^on, the southeastern Missouri disseminated lead 
region, and the northern Arkansas region. 

The upHft as a whole is bounded by long, low northern and western 
slopes and by an abrupt southern slope. The surrounding plains 
have a general altitude of 500 to 750 feet above sea lev^ The 
Boston Mountains form a long, narrow plateau rising to 2,000 feet 
near and parallel to the southern border of the uplift. The center of 
the uplift has an elevation of about 1,700 feet. The St. Francis 
Mountains, the crystalhne nucleus of the uplift, near its eastern 
border, also have an elevation of about 1,700 feet. 



Structurally the uplift is a broad geanti<^e in which the strata 
have no perceptible inclination except at the southern maigin, where 
the Boston Mountains break off into a southerly dipping monocline, 
Supwimposed upon the uplift are qaaquaversal domes, of which the 
principal one is in the r^on of the St. Francis Mountains. 

In the early history <i the Ozark region parts of the crystalline 
rocks of the St. Fr^icis Mountains were islands in an archipelago, 
and their erosion furnished the material that formed the Cambrian 
and Ordovician sambtonee, which, with that which formed the 
associated dt^omitic limestones, was spread out over Missouri and 
the adjacent States east, south, and west. Silurian limestones and 
shales were laid down on the southern and northeastern margin of 
the Ozark region, but apparently in all the western part of the 
r^on there was no Silurian sedimentation. During Devonian 
time limestone was deposited on the northern and eastern borders 
of the r^on and sandstone on the southern border. The principal 
Devonian formation of iaterest in connection with the ore deposits 
is the Chattanooga shale, which underUes a lu^e triangular area in 
northwestern Arkansas, southwestern Missouri, and northeastern 
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12 ZINC AND LEAD DEPOSITS OF THE JOPLIN BEGION. 

Oklahoma. After the close of the Devoman period the Ozark region 
was submerged and the Mississippian limeetones were laid down 
over probably the whole area. An eleyatiou and a period of erosion 
followed, during which the limestone land developed a sinkhole or 
"karst" topography. This land was in turn subme^ed and upon 
its irregular, bowldery, cherty surface was laid down a Benea of 
shales and sandstones of Pennsylvanian age. It is in this basal 
breccia that much of the "broken" or "confused-ground" ore 
deposits are found. Until the close of Pennsylvanian time the crya- 
talline area of the St. Francis Mountains was the structural and 
stratigraphic nucleus of the Ozark region. At the close of the Car- 
bonif^-ous period the Ozark region was upraised almost to its present 
hei^t, the highest place coinciding closely with the geographic 
center. The uplifted area has since been, subjected to minor 
warping only. 

XINDEBOEOnND OIBCUIATION. 

When the covering of Fennaylvaniaa shale and MiaaiBeippian 
limestone had been eroded from the crest of the uplift the sand- 
stones and dolomitic limeetonee of the Cambrian and Ordovician 
were exposed. As these rocks dip away on all sides and are overlain 
on the flanks of the uplift by impervious shale the conditions essential 
to artesian flow were fulfilled and an artesian circulation was con- 
sequently developed, with intake area at the central portion of the 
uplift, flow down the sides of the dome in sandy layers and between 
the limestone strata, and ascending discharge at the inner mai^in 
of the Pennsylvanian shale. Aa erosion removed the shale from 
more and more of the dome the radial art«sian circulation lengthened 
and spread until the present conditions were established. 

The quality of the water now in circulation is known from analysis 
of waters from deep wells, but as the water has been in circulation 
for a long period it must have undei^ne considerable change in its 
quality. The water in the Cambrian and Ordovician rocks beneath 
ttie Pennsylvanian shale adjacent te the uplift is largely connate 
and should therefore better represent that of the original circulation 
than does the present artesian water in the interior of the uplift. A 
study of the analyses of waters from the deep wells in the Pennsyl- 
vanian area bordering the uplift in Missouri, Kansas, and Oklahoma 
shows that they are alkaline-saline, with chlorides predominating 
and with high magnesium content, and that they contain free carbon 
dioxide and hydrogen sulphide. The original water of the Ozark 
circulation must have been similar. The analyses also show that the 
waters of many of the deep wdls exterior to the uplift contain 
traces or weighable quantities of zinc, which precipitates as tiie 
sulphide on standing in a reservoir. 
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8BGBBQATION OF THE OBE8. 

The large-quantity analyses mode by J. D. Robertson show that 
the pre-Cambrian crystalline rocks of the St. Francis Mountains, the 
Cambrian and Ordovician dolomites, and the Mississippian limestone 
aU contain notable proportions of lead, zinc, and copper. Waters 
charged with carbon dioxide dissolve the sulphides of the metals as 
bicarbonates with the evolution of hydrogen sulphide, according to 
this reaction: 

ZnS + 2H,0 + 2C0, = Zn(HC08),+ H^ 

The underground water in the Cambrian and Ordovician rocks, 
charged with carbon dioxide, coming in contact with the dissem- 
inated sulphides, dissolved them and liberated hydrogen sulphide. 
The solution containing the dissolved metals and the free hydrogen 
sulphide moved on down the side of the dome to the inner margin 
of the Pennsylvanian shales, where it rose to the surface. In the 
open, broken cavernous ground in the Mississippian limestones at 
the base of the Pennsylvanian shales the solutions came nearly to 
rest and the carbon dioxide escaped from its union with the metals, 
which were precipitated as sulphides by the hydrogen sulphide yet 
remaining in the solution. Though this was one of the simplest and 
probably the chief method of solution, transportation, and deposition 
of the metals, they may have been carried in part as sulphates, chlo- 
rides, sulphides, hydros ulphides I or carbonates, and the zinc may have 
been carried as zincate or sulphozincate. The metals were in some 
places precipitated as carbonates or silicates by reaction with the 
wbU rock. Some ore has doubtless been s^egated from the Missis- 
sippian limestone, but for reasons stated below it is believed that 
the greater part of the metals was drawn from the Cambrian and 
Ordoviciui rocks. 

COLLATERAL COBEOBORATIVE BVIDBNOB. 

Items of the evidence. — In addition to the kinds of evidence set 
forth in some detail below the report presents several others which 
there is not here apace to ^ve at length, among which are the occur- 
rence of the mining camps in a circle bordering the iuner margin of 
the Pennsylvanian shale, the occurrence of galena and sphalerite at 
great deptl^, the general occurrence of the ore in breccias, the 
occurrence of galena and sphalerite in a Louisiana salt mound, and 
the occurrence of lead and zinc ores in the Fleasanton circle. 

Reservoir sediments. — ^Twenty-one samples of reservoir or tank 
sediment deposited from waters of fifteen different deep wells, most 
of tham in the Pennsylvanian area of Missouri, Kansas, and Okla- 
homa, adjacent to the Joplin region, were analyzed and zinc was 
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found in IS stuuples, lead in 17 samples, and copper in 15 samples. 
The following gives the average ratio of zinc to lead in the rocks 
analyzed hy Robertson, the average ratio of zino to lead in the 
reeervoir samfdesj and the ratio of zinc to lead in the total ore Diined 
in the Joplin region from 1907 to 1913, inclusive: 

Average Talio of woe to had in rocti, udimetUi, and am. 

nre-Cambrian cryatalline rocka 1 : 0.440 

Miffiifieippiaii limeebmee 1 : 1.107 

Cambrian and Ordovician dolomites 1:0.224 

Reservoir eedimealfl 1 : 0.211 

Total ore mined from 1907 to 1913, inclusive 1:0.229 

The thesis of this report is that the ores were derived from the 
Cambrian and Ordovician rocks and deposited by an ascending 
artesian circulation of alkaline-saline waters containing free carbon 
dioxide and hydrogen sulphide. The metals of the reservoir sedi- 
ments were certainly so derived. The close correspondence of the 
ratios of zinc to lead in the Cambrian and Ordovician rocks, in the 
sediments and in the ores, taken together with their discrepant ratios 
in the crystalline rocks and in the Mississippian limestones, strongly 
implies the common origin of the ores and the sediments. 

Four analyses were made of sediment that had accumulated ia the 
course of a year in the reservoirs of the Pittsburg, Kana., water- 
works. From these analyses it is calculated that there was deposited 
in these reservoirs during the year 8i pounds of zinc sulphide. How- 
ever, this was a very small part of the zinc contained in the known 
total water pumped into the reservoir. According to the average of 
two analyses, the water contains one-half of 1 part per million of zinc. 
This would make a total of 1,600 pounds of zinc, equivalent to 2,400 
pounds of zinc sulphide, in the water pumped iu the course of a year. 

Place relations of the metals. — Gottschalk and Buehler have shown 
that the sulphides of the metals, arranged in pairs in moistened con- 
tact, exhibit differences of electric poteutial, and that the mineral 
showii^ the lower potential is dissolved, while the other is unaffected. 
The results of their experiments throw much light on the distribution 
of the metals about the Ozark uplift. The nickel and cobalt ores of 
Missouri occur near the crystalline nudeus, and the copper ores occur 
along with these and also a httle farther from the nucleus. The iron 
ores, which have been derived from sulphide deposits, occur chiefly 
in a circle about the crystalline nucleus. The greatest deposits of 
lead axe not far from the nucleus, and all the central part of the 
uplift has produced more lead than zinc. The region that has pro* 
duced more zinc than lead forms a zone around the mat^;in of the 
uplift. 

If the metallic sulphides are finely disseminated through the Cam- 
brian and Ordovician limestones, peo^des of different sulphides must 
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at many places be in contact. Under such conditions the ground 
water will dissolve firat the sulphide of lowest potential, while the 
sulphides not in contact will go into solution in the order of their 
solubiUty. As a result, the solution of sphalerite will be greater than 
that of galena and the solution of both greater than that of copper, 
and so on through the scale. And so, if the metals have bewi derived 
from the cryBtalhne rocks and from the Cambrian and Ordovician 
limestones, we^ should expect to find, as we do in fact find, that the 
copper, iron, nickel, and cobalt remain near the nucleus, that lead hes 
near the nucleus and in the center of the uplift generally, and that 
zinc is deposited around the margin. 

It follows that the more recent circulation should carry more 
copper and iron than the earlier. In consonance with this reasoning, 
we find that chalcopyrite and pyrites are the latest minerals of the 
ore deposits, and that there ia considerably more copper in the 
reservoir sediments in proportion to the zinc than there is in the 
Cambrian and Ordovician limestones, and much more than there is 
in the ores. 

Assodation of the ores vfUh jasperoid and dolomite. — ^The principal 
gangue minerals and rocks associated with the ores are calcite, dolo- 
mite, and jasperoid, the latter a sihceous rock formed by the meta- 
Bomatic replacement of limestone. Calcite might easily have been 
derived from the wall rock of Mississippian limestone, but as that 
rock contains but UtUe m^pesium, that element would have to be 
greatly concentrated to form dolomite. The relations of the jas- 
peroid, dolomite, and ores show that all three were derived from 
the same solution. The deep-well waters of the r^on, derived 
from the Cambrian and Ordovician dolomites, contain much more 
m^nesiimi in proportion to the calcium than do the waters derived 
from the Mississippian limestones or from the Pennsylvanian shale, 
though they contain less siUca. The deep-well waters resemble sea 
water, which is the most common agent of dolomitization. These 
waters are therefore probably the agents of dolomitization and sili- 
ceous replacement, as well as of mineralization. 

ReUdiion of ore deposits to Ohattanooga shale. — Throughout the area 
underlain by the unbroken sheet of Chattanooga shale there are no 
deposits of ore, dolomite, or jasperoid. On the other hand, along the 
course of the Seneca fault, northeast and southwest of Seneca, Mo., 
there are deposits of ore, dolomite, and jasperoid as far as 8 or 10 
miles within the area underlain by the shale, the solutions having 
ascended through the fault zone. 

The Chattanooga shale caps the southwestern axial prolongation 
of the Ozark uplift. The water of the Cambrian-Ordovician circu- 
lation, which flows southwestward down the axis, finds itsdf 
impounded beneath this shale cap and can escape only by flowing to 
the lateral marg'^ ^f the shale, where it can rise into the Mississippian 
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limestone abore. The area imderlain by the shale north of the axis 
is larger than that so underlain south of the axis, and, moreover, the 
north edge of the shale and the outlet are at a lower elevation than 
the south et^e; hence most of the flow and the larger territory to 
be leached of its metals is north of the axis. The district between 
the north edge of the Chattanooga shale and the inner mai^in of 
the Pennsylvaman shale is therefore favored by two circulations, 
the one from beneath the shale to the south and the other the direct 
circulation from the center of the dome. It is significant that the 
principal mining camps of the Joplin region axe in this district. 

Ore and bitumen beneath the Pennsylvanian shale. — The lead and 
zinp deposits at Miami, Okla., he beneath 40 to 220 feet of Pennsyl- 
vanian shale. The ore and the wall rocks at places contain much 
bitumen, and the mine waters are charged with hydrogen sulphide. 
Ore deposits are found also in Kansas, north of Mmmi and several 
miles west of the eastern margin of the Pennsylvanian shale. Ore 
has been struck in drilling deep weUs in Kansas many miles from the 
border of this shale. The mine waters charged with hydrogen sul- 
phide are similar to the deep-well waters. The bitumen is intei^ 
preted as the residue of an oil that has lost the lighter saturated 
hydrocarbons by fractionation in contact with shale. The fact the' 
this residue was left at the base of the shale indicates that the lighter 
hydrocarbons escaped upward. Tho ore solutions can not hai. 
been descending because the shale is impervious and practically n 
surface water p^ietrates the mines. The mine waters, the bitumen 
and the ore deposits are therefore in accord in indicating ascNxdicg 
currents. 

Constant injlow of mine -waiers. — ^In the Miami district the deposits 
are overlain by a thick, practically impervious cover of Pennsylvanisn 
shale, as noted above. The re^on is nearly flat, and precautions a v 
taken to prevent surface waters from entering the shafts. The quart- 
tity of mine water is remarkably uniform and is entirely withov 
seasonal variation, increasing only with increase of depth and exten- 
sion of mining. The character of the water, as noted above, indicates 
its deep-seated origin, which is further shown by the r^ularity of 
supply. Without doubt there is similar deep-seated water in the 
other camps of the region, but its character has been masked by the 
larger infliiTc of surface waters. 

Qeogra'phic association of lead and sine deposits ofUie eastern "part of 
the United States with geanticlinal uplifts and margijial slopes. — In 
the central valley of the United States, in addition to the Ozark 
uplift with its four marginal mining districts, there are several areas 
of low, flat uplift which offer the requisite structural conditions for 
an artesian circulation, and the marginal slopes of all these uphf ts are 
marked by lead and zinc deposits. In tho 'Wisconsin uplift of the 
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upper Miseissippi Valley region the lead and zinc deposits lie around 
the inner margin of the Maquoketa shale. In the central part of the 
Cincinnati uplift, in Kentucky, there are numerous veins of galena 
with barite and fluorite gangue but without dolomite, and around 
its periphery there are small deposits of zinc ore. In the Nashville 
uplift, which is a southerly continuation of the Cincinnati uplift, the 
same general conditions prevail. Barite and fluorspar are common 
gangue minerals of the galena veins, hut dolomite is absent. 

In this report the suggestion is made that the lead and zinc ores 
of the Kentucky-Illinois fluorspar district have in part been derived 
from artesian circulating waters from the Cincinnati and Nashville 
uplifts, which passed beneath the Carboniferous rocks of western 
Tennessee and Kentucky and rose through the compUcated faults of 
the low-lying fluorspar district. The central Kentucky well and 
spring waters are zinciferous, as is shown by a great number of 
analyses. The common occurrence of barite, the abundance of fluor- 
spar, and the entire absence of dolomit« show that these deposits are 
related to the veins of the Cincinnati and Nashville uplifts. On the 
other hand, the ai^entiferous character of the galena, the abundance 
of fluorspar, and the occurrence of igneous intrusions in the region 
surest a connection between the ores and igneous activity. If this 
connection can be established, it would seem that there is in this 
region not a transition type of ore deposit but a juxtaposition of 
types — one type due to normal artesian circulation and the other due 
to igneous action. 

Ore deposits of minor importance occur on the flanks of the Ouachita, 
Arbuckle, and Llano uplifts. 

The lead and zinc deposits of eastern Tennessee and Virginia are 
associated with breccia zones in dolomitic limestones. The r^on 
is thrown into a series of long, parallel folds associated with thrust 
faults, so that artesian circulation transverse to these structures is 
necessarily limited. Nevertheless, Watson holds that the deposits 
of both Virginia and eastern Tennessee are the result of an ascending 
circulation of slight vertical extent, and Purdue expresses a similar 
view concerning the Tennessee deposits. 

Scattered deposits in Pennsylvania, New Tork, and Canada lie for 
the most part in structural basins or on ijiarginal slopes and are in 
such position that they seem to be the result of a local artesian 
circulation. 

NONCOBBOBOBATIVB EVIDENCE. 

VerHcaZ order of the sulphides. — In the ores first mined in the Joplin 
region, which were naturally those nearest the surface, galena largely 
predominated. In any soft-ground mine the ore of which reaches 
into the zone of oxidation galena is invariably the predominant 
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mineral in the upper ground. In a deposit in open, cavernous ground 
below the zone of oxidation galena is generally in excess of Bphaleiit« 
in the upper part of the ore body and sphalerite is in excess in the 
lower part, the iron sulphide increasing toward the bottom of the 
depoeit. These facts led Van Hise and Bain to condude that the 
present ore bodies are ^e results of extensive erosion and downward 
sulphide enrichment. The same facts led Buckley and Buehler to 
decide that the deposits are primarily tiie result of descending solu- 
tions and that the vertical order represents simply the order of 
solubiUty of the sulphides. 

The conclusion reached in the present report is that galena pre- 
dominates near the surface or in the upper ground because the asso- 
ciated sphalerite has been leached away by reason of its greater solu- 
bility, and that the increased proportion of zinc in depth is due partly 
to the deposition as carbonate and silicate of the zinc removed in 
solution from the upper part of the ore body and partly to the deposi- 
tion in depth as sulphide of the zinc removed in solution from distant 
ore bodies. It is beheved that galena is found above sphalerite in 
cavities because it is the habit of the two minerals to crystallize out 
in that relation in cavities, and that this arrangement has no con- 
nection with the order of deposition of the sulphides in descending 
Bolutions. In fact, there can be no order of sulphide deposition by 
descending solutions where the precipitant is present in excess, and 
neither Bain nor Buckley and Buehler have postulated a lack of 
reducing solution. 

Synthesis of iron and ginc sulphides. — ^Dr. E. T. Allen and his asso- 
ciates of the Geophysical Laboratory of the Carnegie Institution hav« 
shown that pyrite and sphalerite are deposited from both acid and 
alkaline solutions, but that marcasite and wurtzite are deposited 
from acid solutions only, and they have further found that the lower 
the temperature the less acid is required to yield a given quantity 
of marcasite or wurtzite. Crystallized pyrite but no marcasite is 
forming in sediment from the neutral or slightly alkaline water of 
the springs at Sulphur Springs, Ark. The sulphides of the Joplin 
r^on are galena, sphalerite, marcasite, and pyrite. Wurtzite has 
been reported in small crystals from a single mine, where it is undoubtr 
edly secondary and probaljly has been deposited by a descending acid 
solution. Since, according to the experiments, marcasite is deposited 
only from acid solutions and sphalerite and pyrite may be deposited 
from such waters, it is but natural to see reason in this for bdieving 
that the Joplin ores must have been deposited from acid solutions. 

Dolomite and calcite are common gangue minerals, and the Jop- 
lin ores are so related to them as to show that they were deposited 
from the same solution. The association of marcasite with calcite, 
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dolomite, and limeetone is bo well knovn that Allen was obliged to 
conclude that marcasite may be precipitated from solutions no more 
acid than calcium bicarbonate solutions. The artesian circulation 
was of this general character, perhaps at times slightly alkaline or 
slightly acid, but did not vary far either way from neutraL The ore 
solutions were, therefore, not strongly acid. 

QDANTITAirVB TESTS OF THE ARTESIAN THEOHT — OIECULATION. 

Suffideney of the source. — The total zinc content of ores in the 
Ozark r^on mined to the end of 1912 is approximately 3,260,000 
tons. For the purpose at hand we may allow as much more for 
future mining. As the losses in miniug and milling in the Joplin 
district are about 50 per cent, this would give 13,000,000 tons as the 
original zinc content of ores mined and to be mined. We may allow 
twice as much more for the zinc in deposits which are too lean to 
work or which may never be discovered, making a total of 39,000,000 
tons of zinc that has probably been leached from the Cambrian and 
Ordovician limestones. By figuring the volume of the Cambrian 
and Ordovician dolomitic limestones that might yidld their metals 
to the artesian circulation and multiplying by the average metal 
content shown by Robertson's large-quantity analyses we find that the 
possible supply is more than a thousand times the total given above. 
Sufficiency of time for the ore segregation. — Using as factors the 
volume and porosity of the Cambrian and Ordovician dolomites and 
the average zinc content of the circulation as determined from 
analyses of deep-weli waters from Pittsbui^, Kans., and Claremore, 
Okla., we get a zinc content of 3,000,000 tons in the water contained 
in the pores and interstices of the Cambrian and Ordovician rocks 
of the dome inside the Pennsylvanian border. To transport 39,000,000 
tons of zinc the pore water would require to be changed 13 times. 
The average radial path pursued down the dome is about 60 milee, 
so that the total distance traveled would be 780 miles. By Shchter's 
formula we may calculate the rate of flow down the dome through 
the St. Peter sandstone as about 6.8 feet per year. Taking 5 feet as 
a fair rate and allowing for the expansion of the artesian area by 
erosion of the shale, we find that the time required to change the 
pore water 13 times would be 1,600,000 years, which is apparently 
not in excess of the time actually available. 

Dilution of connate luater.—li salt water be diluted to twice its 
volume 13 times in succession the solution will have only ^^^ of its 
original strength. When the Cambrian and Ordovician rocks were 
laid down in the sea the pore spaces were filled with sea water. If, 
as seems true, these roc^ were never exposed to general subaerial 
erosion until the elevation of the Ozark uplift and the removal of 
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the Pennsylvaniaii and Mississippian foimations, then the 13 changes 
of pore water should start with a solution having about the consti- 
tution of ocean water. If we divide the mineral content of ocean 
water as found by Dittmar by 8,192, and compare the result with the 
average mineral content of 13 deep-weU waters in the Joplin ^a, 
we find that the wedl waters have 9 times enough of the alkali metals, 
. 290 times enough of the alkaline-earth metals, 3 times enough of 
chlorine, and 44 times enough of sulphate. The diluting waters nat- 
urally add alk^ine earths and sulphate, and possibly a little of the 
alkali metals and chlorine, but the fact that the alkali metals and the 
chlorine agree so well with the calculated dilution of -^^^ seems to 
indicate that the calculated dilution of the connate pore water was 
about of the order indicated. 

ENBIOHMENT. 

Though difference of opinion exists as to the extent of sulphide 
enrichment, there is no question that residual enrichment and oxide 
enrichment have contributed greatly to the value of many of the 
ore bodies of the district. In residual concMitration the ore body is 
enriched by the solution and removal of the more soluble constitu- 
ents, whether metals or gangue. Galena, owing to its greater resist- 
ance to weathering and solution, has been more generally so enriched, 
but for the same reason the oxidized ores cerusite, smithsonite, and 
calamine have also been enriched by this method, which doubtless 
was an important agency in the formation of the rich shallow deposits 
that were worked in the early days of mining. 

Owing to the prevailing geologic conditions of transportation and 
deposition of the metals in the district, it ia exceedingly difficult to 
distinguish in general between primary and secondary deposits. 
Nevertheless undoubtedly secondary sulphides have been recognized 
in the district. These are greenockite films upon ore minerals and 
gangue below the water level, galena and covellite films upon and 
penetrating sphalerite along cleavage planes, and stalactitic sphalerite 
with intei^own galena, surmounted by small wurtzite crystals. As 
a whole the recognizable secondary enrichment is inconsiderable. 
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ORIGIN OF THE ZINC AND LEAD DEPOSITS OF THE 
JOPUN EEeiON, IISSOCRI, KANSAS, AND OKLAHOMA. 



By C. B. SiBBEIfTHAL. 



INTRODUCTION. 
FIEIiD WOBK. 

The writer spent the field season of 1902-3 aa assistant to W. S. T. 
Smith in a geologic survey of the Joplin district, concerning himself 
chiefly with the stratigraphy and the structure. The results of that 
survey were published in the United States Geological Survey's Joplin 
district geologic folio (No. 148). During the field season of 1906-7 
he was employed in a geologic survey of the Wyandotte quadrangle, 
adjoining on tiie southwest the area covered by the Joplia district and 
lying partly in Missouri but mostly in Oklahoma. A short season in 
1910 was spent in a further investigation of the ore deposits of the 
Wyandotte quadrangle and in a study of some of the deeper deposits 
at Joplin. Another short season, in 1913, was spent on the ore depos- 
its of the Wyandotte quadran^e, paxticulariy in studying the recent 
developments at Miami. 

ACKNOWLEDaKENTS. 

It is not easy to give credit in ezact measure to each source of 
assistance where everything known to the writer as bearing on the 
subject has been laid under contribution. It is believed that the 
reeponsibiUty for the various parts of the Joplin folio is made clear 
therein. The ideas of artesian circulation set forth in that report 
are reiterated in this paper. The writer r^ards as original to this 
paper, first, the recognition of the limits of the Chattanooga shale and 
the consequence thereof upon the artesian circulation; second, the 
theoretical linking together, as deposited by artesian circulating 
waters, of the lead and zinc deposits with the iron deposits of the 
central uplift region; and third, the discovery of the general occurs 
rence of lead and zinc in the artesian waters of the bordering Penn- 
sylvanian rocks and the sediments deposited from those watOTS. 
He hopes that something has been added to the knowledge of the 
chemistry of lead and zinc solutions by the experimental work herein 
recorded, and that the lai^e collection of analyses of zinc-bearing 
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waters, together with their characterization and diacussion, will he 
useful. 

In the chemical part of the paper the author has received much 
help which it ia a pleasure to acknowledge. Prof. W. George Waring, 
of Wehh City, Mo., made several analyses of waters and a number of 
analyses of reservoir sediments especially for this paper and furnished 
copies of many other analyses of waters and ores of the district, made 
in the course of his professional work. Prof. A. M. Peter, of the 
Kentucky Agricultural Experiment Station, contributed the section 
of this bulletin entitled " Zinc in Kentucky waters," and his work has 
been further used in the tables of analyses. Prof. W, P. Headden, 
of the Colorado Agricultural Collie, furnished several analyses, some 
unpubUshed, of zinc-bearing waters of Colorado. I*rof, E. H. S. 
Bailey furnished notes on the art^an water at Pittsburg, Kans. 
Prof. H. A. Buehler, State geologist of Missouri, kindly furnished the 
laboratory results of four analyses appearing in a chapter by the late 
Dr. E. R. Buckley in "Types of ore deposits." Mr. George L. Heath, 
chemist of the Calumet & Hecla Smelting Works, furnished analyses 
of undei^oimd waters in the deep copper mines of Michigan. Dr. 
H. E. Merwin, of the Geophysical Laboratory of the Carnegie Institu- 
tion, furnished the note on the microscopic study of the sediments of 
the springs at Sulphur Springs, Ark., which is incorporated in this 
bulletin, and together with Dr. E, T, Allen, of the aame institution, has 
conferred with the writer regarding the precipitation of the sulphides 
of the metals. 

Mr. Chase Palmer and Mr. Herman Stabler, of the United States 
Geological Survey, as responsible authors of the scheme of interpreta- 
tion of water analyses herein adopted, have been freely consulted, 
and in particular Mr. Palmer has been a constant source of help in 
the study of the chemistry of the ore solutions. Mr. Roger C, Wells, 
of the United States Geological Survey, made the experimental 
studies of the solubility of sphalerite in the presence of calcite ap- 
pearing herein and has given generously of his time to helpful dis- 
cussion of the problems touching the side of physical chemistry. 
Mr. E. C. Sullivan, while connected with the United States Geological 
Survey, made the determinations of the relative solnbihties of the 
bicarbonates of lead and zinc as compared with the carbonates of 
those metals. 

The laborious and tedious task of recalculating the large number 
of water analyses to the geochemical form has been conscientiously 
performed by Mrs. Marion L. Clark. 

Among those who fumiahed analyses, samples of water, or sam- 
ples of sediment are Messrs. J. N. Wells and Benjamin Cuthbertson, 
superintendents of the Pittsburg Water Supply Co., Pittsburg, Kans.; 
J. P. Gooch, superintendent of waterworks at Vinita, Okla.; W. T. 
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Whitaker, of Pryor Creek, Okla. ; F. H. Hawkins, superintendeiit of 
waterworks at Columbus, Kans. ; J. T. Marsh, manager of the Clinton 
Light & Power Co., Chnton, Mo.; W, E. Blackwell, chief engineer of 
Afton waterworks, Afton, Okla.; L. C. Church, Miami, Okla.; Charles 
Strong, chief engineer at State Hospital No. 1, Fulton, Mo.; D. K. 
Greger, Fulton, Mo.; W. J. Warner, manager of the Belcher Water 
Bath & Hotel Co., St. Louis, Mo.; W. 0. Buck, superintendent of 
United States Fish Hatchery, Neosho, Mo.; C. E. Wells, Sulphur 
Springs, Ark.; R. D. Silver, St. Charles, Mo.; C. J. Light, Lanagan, 
Mo. ; and others. 

THE OZABK UPLIFT. 

aEOGBAFHT. 

The Ozark uplift is a low asymmetric dome with rudely elliptical 
outline, lying in southern Missouri, northern Arkansas, southeastern 
Kansas, and northeastern Oklahoma. It is roughly bounded on the 
north and northeast by Missouri and Mississippi rivers, on the west 
by Spring and Neosho (Grand) rivers, on the west and south by 
Arkansas River, and on the southeast by Black River and some of 
its tributaries. To the north and west it merges into the Prairie 
Plains; to the east and southeast it passes into the low-lying Gulf 
Coastal Plain; on the south it is separated from the Ouacbita Moun- 
tains by the valley of Arkansas River. The uplift as a whole is a 
table-land bounded by long, low northern and western slopes whose 
incUnation is generally imperceptible to the eye, and for much of 
its extent by an abrupt southern slope facing the open valley of 
Arkansas River. Near and parallel to its southern mai^in the 
uplift culminates topographically in the Boston Mountains, a long, 
narrow plateau rising to an elevation of 2,000 feet. The plains that 
surround the uplift have a general altitude of 500 to 750 feet. The 
central portion of the Ozarks is an upland lying somewhat below 
the crest of the Boston Mountains. These features are well shown 
in the accompanying generalized topographic sketch map (PI. I). 

The erosional forms throughout most of this area are those char- 
acteristic of an early mature topography in a region of nearly flat- 
bedded rocits of varying degrees of hardness, the dip of which differs 
but slightly from the general surface slope. The entire northern 
slope of the uplift consists of a succession of broad plateaus. Over 
much of the region, especiaJly the northern and western slopes, 
these broad uplands are cut by moderately shallow, open valleys, 
whose depth does not exceed a few hundred feet. Toward the south 
and east the dissection is greater, the forms are more rugged, and the 
plateau character is somewhat less evident, especially near the east 
end of the Boston Mountains. The drainage of the uplift is radial, 
many streams flowing outward to the marginal rivers. Of these 
streams Spring River is the largest in the Joplin region. 
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ABXAIi eSOLOOT. 

Pre-Oamhrian roeka. — ^Van Hise and Leith • describe the pre-Cam- 
brian rocks of southeastern Missouri as pre-Cambrian islands sai- 
rounded by Cambrian sediments. The pre-Cambrian system consists 
mainly of granites, felsites, porphyries, and porphyritic breccias. 
At Pilot Knob and in the adjacent area are found water-deposited 
rocks which comprise porphyry conglomerates, fine-grained beds 
of the same character, and well-bedded iron ores and ferruginous 
slates. The porphyry sediments and the iron-bearing rocks are 
interbedded in such a way as to suggest a deposition under water 
of nonfragmental iron-formation material similar to that in the Lalie 
Superior region, this deposition being interrupted by the accumula- 
tion of volcanic material which itself was to a considerable extent 
worked over by water. The iron ores found at Iron Mountain occur 
largely as great irregular masses and veins in the porphyry and may 
be of different origin. The relations of the pre-Cambrian sediment- 
ary rocks to the massive granites and porphyries are not known. 
The unaltered horizontal Paleozoic rocks rest on the deeply eroded 
crystalline rocks, the conglomerates adjacent to Pilot Knob and 
Iron Mountain containing numerous bowlders of iron ore. 

Ckimhnan and Ordomcian rocks. — ^The oldest Cambrian formation 
in southeastern Missouri is the Lamotte sandstone, which is tbe 
basal formation overlying the crystalline rocks in the disseminated 
lead district. The lower part of the formation is conglomeratic, 
containing pebbles and bowlders of the pre-Cambrian crystallines. 
The Lamotte sandstone occupies the depressions in the higher por^ 
tions of the pre-Cambrian nucleus and also in the basins dipping away 
from it. This sandstone in depth holds water under strong arte- 
sian pressure, so that in drilling in the mines care is taken to avoid 
penetrating it, and when it is penetrated the holes ore plugged to 
prevent the artesian flow from rising into the mines. Overlying the 
Lamotte sandstone is the dolomitic Bonneterre limestone, in the 
lower part of which the disseminated lead ores are chiefly found. 
In the shaly beds of transition from the Lamotte sandstone below 
to the Bonneterre limestone lead ore is also found; but here the 
galena is usually more or less mixed with the sulphides of iron, 
copper, nickel, and cobalt. 

Above the Bonneterre limestone there are several other formations 
of dolomitic limestone, shale, and sandstone, among others the Potosi, 
Gasconade, Roubidoux, Jefferson City, St: Peter, Joachim, and 
Kimmswick formations, all belonging to the Cambrian and Ordovi- 
cian systems. The St. Peter sandstone, of Ordovician age, is the 
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uppennoat of the three " Saccharoidal " sandstones of SwaJlow, which 
are shown in the structure sections (PI, II). 

SUiirian rocks. — Formations of Silurian age are found on the south- 
em and northeastern borders of the uplift, but they are wanting in 
all the western part of the Ozark r^on and hence need not be here 
considered. 

Devonian rocks. — Limestones of Devonian age are found along the 
northeast quarter of the border of the uplift. On the southern 
border of the upUft there are interrupted outcrops of the phosphate- 
bearing Sylamore sandstone member of the Chattanoc^a shale. The 
chief Devoniui formation of interest in connection with the ore 
deposits of the Joplin region is the Chattanooga shale. This format 
tion underhes the Mississippian rocks and forms an apparently con- 
tinuous sheet throughout that part of the uplift southwest of a line 
drawn through Granby and Caasville, Mo., and Eureka Springs, 
Ark., as shown by the stippled area on the map {PI. Ill), on which 
the heavy black line represents the outcrop of the shale and the 
light line represents its horizon where it is absent. The stippled 
area shows where the shale is present, though covered by other 
fonaations; in other words, where it is capable of preventing the 
ascent of the Cambrian-Ordovician circulation into the Mississippian 
rocks. In this area wherever the drainage has cut deep enough to 
expose the horizon of the Chattauoc^a shale, that formation has 
always been found. Although the border of the underlying shale 
body may not be as smooth as indicated on the map, nevertheless 
that line must closely approximate the margin of the formation. 
The shale was struck in deep wells at CentraUa, Welch, and Peoria 
in Oklahoma, and at Seneca, Neosho, Granby, and Exeter in Mis- 
souri. It is absent at Miami and Quapaw, Okla., at Joplin, Carthage, 
Wentworth, McDowell, Aurora, and Springfield, Mo., and in some 
drill holes at Granby, Mo., indicating that the latter place is just on 
the border of the shale. The presence or absence of the shale at the 
places Just mentioned fixes rather closely the location of the mai^in 
of the formation. In the vicinity of Eureka Springs, Ark., the 
tributaries of White River have cut below the horizon of the shale, 
30 that its exact limits can be determined. From this region the 
southern limit of the formation seems to bear southwest by Fayette- 
ville, Ark., to the Oklahoma line, near the village of Morrow. 
Farther southwest, from this point to Arkansas River, the limit of 
the shale is determinable from several exposures of its horizon along 
the valley of Sallisaw Creek. In this area underlain by the Chatta- 
nooga, the shale reaches its maximum thickness — more than 90 
feet — on Neosho (Grand) River, at the mouth of Honey Creek and 
near Spavinaw village, from which locahty it thins away in all direc- 
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tions, northward to 5 feet at Seneca, westward to 40 feet at Gare- 
more, southward to 20 feet at Marble, and eastward to 60 feet at 
Noel, and to 12 feet north of Eureka Springs, 

Outcrops of the Chattanooga shale are mapped on Sac River north 
of Springfield, Mo., and it is reported to have a thickness of 7 feet in 
the Pennsylvania shaft near Ash Grove, indicating an area of the 
shale in that vicinity. Another area of the Chattanooga, southeast 
of Springfield, is mapped from outcrops on the tributaries of James 
Fork, A third small area is mapped from exposures in the vicinity 
of St. Joe, Ark. 

It is evident from the attenuated mai^in of the shale and its dis- 
continuous outcrop that it either never extended much farther up 
on the Ozark dome or that, if it once did so extend, it has since berai 
removed by erosion. In either event it was not present to separate 
the Cambrian-Ordovician and Mississippian undei^ound circula- 
tions over the larger part of the uplift. 

Mississippian rocTcs. — The Mississippian series, more particularly 
the lower part of it, comprising the rocks of Osage and Kinder- 
book age and excluding the shales and sandstones (Chester group) of 
the upper portion, varies from 200 to 350 feet in thickness. The 
thickness in detail is: In Arkansas, at BatesviUe 250 feet, at Yellville 
325 feet, at Fayetteville 325 feet; in Oklahoma, at Tahlequah 300 feet, 
at Fairland 340 feet; and in Missouri, at Joplin 350 feet, at Spring- 
field 300 feet, at Sedalia 200 feet, m Moniteau County 190 feet, at 
St. Louis 670 feet. These thicknesses, regularly disposed about the 
margin of the uplift, indicate a much greater former extension of 
the Mississippian upon the dome, and in fact Nason reports lower 
Carboniferous (Mississippian) fossils in hmestone in a collapsed cave 
within 20 miles of the crystalline nucleus of the uplift. It is probable, 
however, that this inner extension of the Mississippian was consid- 
erably attenuated. 

In the Joplin region the whole vertical section from the base of the 
Chester rocks to the underlying Chattanooga shale is included in the 
Boone formation. About 100 feet below the top of the Boone there 
is a stratum of oolite, from 2 to 8 feet thick, which has been named 
the Short Creek oolite member. This oolitic limestone occurs through- 
out the Joplin district quadrangle and the eastern half of the Wyan- 
dotte quadrangle and has been found also at Granby, Aurora, and 
Springfield, Mo., and near Harrison, Ark. Although, perhaps, not 
persistent throughout this entire area, it is nevertheless a useful 
stratlgraphic datum plane. That part of the Boone above the 
oolite consists of limestone and light-colored chert interbedded. At 
some places, as at Carthage, the limestone not far above the oolite is 
massively bedded and the chert is very subordinate in amount and 
is confined to the partings between the limestone beds. The Carthage 
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quarries are at such a place. A hundred feet below the Short Creek 
oolite the Grand Falls chert member comes in, with a thickness of 
25 to 40 feet or so. At this horizon the Boone generally contains a 
great deal of light to dark blue chert, interstratified with drab to 
bluish finfr^ained limestone. At Grand Falls, on ShoaJ Creek just 
south of Joplin, the original chert constituted perhaps two-thirds of 
the total mass and the remaining third was limestone, which has been 
replaced for the most part byjasperoid. This replacement has con- 
verted the cherty beds into a massive resistant ledge known as the 
Grand Falls chert member, and in these rocks are found the deposits of 
sheet ground ore in the vicinity of Jophn, Carl Junction, and in the 
area from Oront^ to Duenweg. The Grand Falls chert is reported 
to occur at places in the bluffs of Shoal Creek as far southeast as 
Granby. Between the Short Creek oohte and the Grand Falls chert 
the rocks consist of interstratified chert and Umestone similar to the 
chert and limestone above the oolite, and in this, as in that series, there 
is usually a developmeot of massively bedded limestone with little 
chert which here is not far below the oolite. In places on the outcrop 
these heavy beds of limestone seem to merge into one massive ledge 
without apparent parting. Such ledges have been quarried at the 
Joplin limekihi quarry and test openings have been made in others 
west of Grand FaUs and northwest of Galena. Below the Grand Falls 
chert there is a series of limestones and lighter cherts, which weather 
chalky and are very irregularly bedded at places, especially where 
exposed in the southern part of the Wyandotte quadrangle. Toward 
the north the limestone of this series becomes shaly in part, formiug 
the bluish shale or shaly limestone which is struck in the deep wells 
about Jophn and which was described from the Mystic shaft south- 
west of Joplin,* Farther east this characteristic becomes still more 
pronounced, until, in the vicinity of Atuora, just above the base of 
the series, there is a considerable thickne^ of fine-grained bluish 
shale, in places breaking into massive slabs, which stain yellow. 
This shaly portion is locally ore bearing and has been mined at 
Springfield, McDowell, Aurora, Stotts City, southwest of Joplin, and 
at Hornet, Mo., and near Galena, Kans. At the base of the forma- 
tion, just above the Chattanooga shale, there has been distinguished 
in the Wyandotte quadrangle and to the south and east the St. Joe 
liuLestone member, from 12 to 30 feet or more in thickness, consisting 
of massive limestone, which is practically without chert and which 
usually fom^ a projecting ledge, owing to the erosion of the shale 
beneath. 

The formations of the Chester group are well developed along the 
southern margin of the uplift and extend northward along the western 
C. E., U. S. Qeol. Sorve; QkL Atlas, Jopltai district 10Ik> (No. 148), 
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mai^in to the southern line of Kansas. In the vicinity of Joplin 
the Chester rocks, coirosponding approximately to the BateeviUe 
and Fayetteville formations, occur in sink-hole depressions. These 
rocks have been described in the Joplin folio as the Carterville forma- 
tion. Such outcrops are known also at Granby and Aurora. In the 
Wyandotte quadrangle the Boone is overlain, slightly unconfonnably, 
by 20 to 40 feet of crystalline fla^y limestone, which is in places 
heavy bedded and massive, is in part oolitic, and is free from chert. 
■Riis limestone grows arenaceous toward the top and is succeeded by a 
calcareous sandstone that on the weathered outcrop is a characteristic 
sandstone containing fossils which show that it is to be correlated 
with the Batesville sandstone. At Miami, Okla., the ore deposits 
first worked were found in this sandstone where it had been let down 
upon the Boone owing to the solution and removal of the underlying 
limestone, the bed between the sandstone and the Boone. Overlying 
the sandstone there is a black fissile unfossiliferous shale which in 
places, especially toward the north, gives way to a soft, drab clay 
shale, crowded with the characteristic fossils of the Fayetteville for- 
mation. Overlying the shales are limestones which also contain 
Fayetteville fossils and are generally in part oolitic. The formation 
is nearly everywhere topped with reddish sandstones, presumably 
equivalent to the Wedington sandstone member of the Fayetteville 
formation, described in the Fayetteville folio.' 

Pennsylvanian rocks. — The formations of the Pennsylvanian seri^ 
of the Carboniferous follow the Chester rocks conformably along the 
southern border of the uplift. On the western border, however, 
there was a warping and tilting of the western part of the uplift by 
which the southern portion was elevated and the northern portion 
depressed and which caused the Pennsylvanian to transgress far 
upon the dome, as ah^ady described by the writer.' The trans- 
gressing formation, the Cherokee shale, in Oklahoma, Kansas, and 
Missouri, is thus youi^er in age than the Pennsylvanian formations 
bordering the uplift on the southern and southwestern mwgins. 
When the tran^ressed limestone area was land, before the deposition 
of the Cherokee, it was subjected to erosion and solution with the 
result that a karst topography was developed over most of the area. 
Upon this karst surface the shale was laid down, filling up th e sink holes 
and closed valleys and spreading far over upon the dome, its contact 
with the underlying Mississippian rocks being what the writer ' has 
elsewhere called a solution unconformity, marked by a basal breccia 
instead of a basal conglomerate. Afterward, when the main body of 

1 Adams, a. I., Bod Uliiab, £. O., U. S. Oeol. Bmv6y Otol. Atlas, FsyettevlUe [olio (No. IIB), 1«05. 
■Slabenthal, C. E., UlnttBl naomcM ol uoFtbtastem OklobomB: V. S, OtoL Survey Boll. 340, fp. 

laa-ioi, at, ni-sas, isos. 

■ Smllh, W. a. T., and StBbouttial, C. E., U. a. Ocol. fiinrey OtoL Atlaa, Jiqllii dbtclBt Ulo (So. U8), 
pp. S, B, leOT. 
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shtile was carried away by eroaion, which ext^ded down to the level 
of the limeetone, the shale m the aink holes and depressions remained 
as "roots" of the former deposits, and these constitute the sink-hole 
shale patches which dot the upland part of the dome, and many of 
which contain thick heds of coal. Patches of shale have been 
reported in Crawford, Phelps, and Dent comiti& within a few miles 
of the (TystaHine nucleus of the Ozark area, and the sediments laid 
down in the Pennsylvanian sea undoubtedly covered the dome with 
deposits of shale and sandstone well up to the pre-Cambrian center. 
It is in the "basal breccias" at the contact of the shale and the lime- 
stone that the "open-ground" or " confused-^ound " deposits of 
lead and zinc ore are found in the Joplin r^on. 

The Pennsylvanian rocks are chiefly shales, though they include 
interhedded sandstones and limestones, and this statement is true of 
the older Pennsylvanian formations, which outcrop along the Arkansas 
border of the uplift as well as of the Cherokee shale, which outcrops 
on its west and north sides. The essentially slialy character of these 
formations is here emphasized, as it is indispensable to the contention 
that the Pennsylvanian rocks form an effective cover for the artesian 
water circulating through the dome. 

Post-Carboniferous rocks. — ^l^e Tertiary and Quaternary rocks of 
the Mississippi Embayment overlap the uplift on its southeastern 
border. EarUer gravels are found on the uplands over most of the 
dome and later gravels are found on terraces in the valleys of the 
larger streams, but these formations are of interest principally for 
thrar record of the physiographic history of the r^on in post- 
Carboniferous time, so that it will not be necessary to describe them 

at this place. 

BTRUCl'UUAL OEOIiOQT. 

The Ozark uplift is a broad geanticline in which the strata have local 
dips though their general inclination is imperceptible except at the 
southern mai^in, along the south side of the Boston Mountains, where 
the level-bedded strata that make up these mountains break off into a 
southward-dipping monocline. The broad essential structure of the 
ujdift is shown in the two horizontal cross sections forming Hate II, 
which is modified from diagrams prepared by Buckley.' These sec- 
tions show plainly that the uplift reaches its structural culmination 
Dear the center of the area bounded by the outcropping Pennsyl- 
vanian shales. The north-south arching of the uplift is also shown 
by the relations of the outcrops of the Cambrian and the Ordovician 
rocks to the topography — ^in the way these outcrops in the valleys of 
the southward flowing streams rise up as they approach the center of 
the uplift. 

1 Boeklay, B. B., Lead and iluo deposits of the Omili ngSoa: Typm ot ore deposits, p. ID, 19". 
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Superimposed upon the geanticline are faults, folds, and qnaquar 
versal domes. The region of the St, Francis Mountains, the crystal- 
line nucleus of the uplift, has, in some sort, a quaquaversal structure. 
The Cambrian rocks, which surround the crystalline rocks, dip away 
from them on fdl sides and display a synclinal structiire between the 
crystalline areas. A Anall area in Crawford County ' is described as 
composed of rocks showing quaquaversal structure. A small area in 
Camden Comity known as the Decaturville dome ' has a nucleus of p^- 
matitic granite, about which the Cambrian and Ordovician rocks dip 
away on all sides. Other quaquaversal structures upon the Ozark 
dome are shown on the map forming Plate IV. This map has been 
greatly generalized, partly for simplicity but mainly owing to the ab- 
sence of detailed mapping over much of the area. It is offered as a 
preliminary map only, showing the structure of the southwestern half 
of the uplift, but it is believed to present af airly true picture of themain 
structural features of that part of the Ozark region. The structural 
contours are baaed upon the upper surface of the Chattanooga shale, 
or where that is lacking upon the contact of the Mississippian with 
the lower rocks. It is thus the result of an attempt to reproduce 
the present contour of the surface on which the Carboniferous rocks 
were laid down. The culmination of the uplift as shown is in or 
about Wright County, but the map shows also another interesting 
area almost as pronounced. This upraised area appears to be the 
culmination of an anticlinal fold extending northwestward to Joplin 
from a point 50 miles southeast of Berryville. In the Joplin district 
geologic folio the writer has described the plunging north end of this 
fold as the Joplin anticline. As a result of the existence of this 
upraised area near Berryville, the axis of the southwestern prolonga- 
tion of the uplift is shifted much farther southward than a study 
of the areal geology would indicate. From the culmination of the 
uplift in Wright County the axis extends southwestward to the Berry- 
ville area and then swings nearly due west to the western border of 
the uplift. The relation of this southerly location of the axis to the 
ore deposits of the Joplin district is discussed on page 199. 

The folds and faulte in northern Arkansas have been discussed by 
Hopkins ' and Branner.* Their trend is in the main north of west, 
paralleling rather closely the north face of the Boston Mountains. 

I Hoghes, V. H., KeamnalssaDce wofk: Uissouri Bur. Oeoloey and Mines Biennial 'Reft, at State geolD- 
glat to Forty-sixth aeneral Assembly, pp. IS-M, IBll. 

• Wlnslow, Arthur, Lead and jino dtiioslts: Hlssourl Geol. Surrer, vol. 7, pp. 433-434, IBM. SJiepard, 
£. U., Spring system af the Decaturville dome, Camden Coimtr, Uo,: V. S. G«oL Survey Wata-'Supply 
Paper 110, pp. 113-126, lgo6. 

• Hopkins, 1. C. Maibks and other limestones: Arkansas Geol. Survey Aim. R^t. 1990, vol. 4, pp. 
401-117, 1893. 

<Braimer, J. C, The line and Uedn^ionol north Arkansas: Arkansas Geol. Survey Ann. B^t. 189% 
vol. E, pp. 30-63, IWO. 
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Toward the west, the WaJnut Bidge fold and fault bears northwest- 
ward and comes into general alignment with the folds and faults 
of Greene County, which have been described in some detail by 
Shepard.' In the Jophn district foHo the present writer has described 
the JopUn antichne, which passes through Joplin with a north- 
westerly trend. In another pubhcation' he has described the Horse 
Creek anticline, which extends from a point south of Vinita, Okla., 
in a direction north of east for about 30 miles, and also the Seneca 
fault, in the same r^on, in general double, letting down a block 200 
to 1,500 feet wide and more than 70 miles long, with a maximum 
displacement of 125 feet. Doubtless there are numerous folds and 
faults throughout the central region of the uplift, but that territory 
has been explored only by rapid reconnaissance surveys and not much 
of the detail of its structure ia known. Farther east, in Washington 
and St. Francois counties, there are faults of very considerable throw 
and extent, which have been mapped and described by Buckley.' 

HISTOBICAI. GEOIJOGT. 

In Cambrian and Ordovician time the crystalline rocks of the St, 
Francis Mountains formed a ru^ed archipelago and their erosion 
furnished in part the material making up the "First," "Second," 
and "Third" sandstone of Swallow, which, with the associated lime- 
stone, were spread out over Missouri and the adjacent States east, 
south, and west. At the close of Cambrian and Ordovician sedi- 
mentation the Ozark area was lifted slightly above the water level 
and deposition ceased over most of the area. Silurian deposits 
on the southern and northeastern borders of the uplift indicate 
that the land area at that time corresponded in those directions 
with the borders of the present uphft. The absence of Silmian 
rocks on the north and west at the Devonian contact points to an 
extension of the Silurian land in those directions. In the succeeding 
period, however, the Devonian sea covered the western half of the 
uplift and Devonian black shale (Chattanooga shale) was laid down 
over northwestern Arkansas and the southern part of southwestern 
Missouri, and Devonian limestone was laid down on the north and 
east. This period of sedimentation was apparently succeeded by 
a period of slight elevation during which the Chattanooga shale was 
partly eroded, leaving several isolated areas separated from the main 
area in southwestern Missouri, northwestern Arkansas, and north- 
eastern Oklahoma. With the beginning of the Mississippian epoch 

I Sh^Ald, E. H., A report on Oreene Count}': Uissoml GeoL Survey, vol. 13, pp. 155-160, ISSS. 

'Slebenthal, C. £., Mineral resources of nortbeastem Oklahoma: U. B. Oeol. Snrve; Bull. 340, pp. 
IB7-1BS, IB08. 

> Buckle;, E. R., Oeoli^y of the disseminated lead deposits al St. Fnmoois and Washington oountica: 
Ubsourl Bur. aeology and Ulnes, toL fi, pp. 30-84 [ieO»]. 



^d by Google 



32 znro and lead deposits of the joplin hbgion. 

the land subsided and the lunestones of that time were laid down 
oyer most if not ^ the Ozark area. 

The Mississippian deposition was closed by an elevation which 
raised considerably above water most of the Ozark area except that 
portion south and west of a line drawn from Miami, Okla,, to the 
vicinity of Fayetteville, Ark. The limestone upland was then sub- 
jected to erosion and solution, and upon it was developed a typical 
karst topography, with sink holes, closed valleys, and underground 
passages. The southern border of the uplift was then depressed and 
pre-Cherokee Pennsylvanian formations were laid down. An oscil- 
lating warp next skewed the western part of the uplift, making land 
out of the r^on which is now the Boston Mountains and depressing 
the northwestern and northern margins of the uplift so that the 
Cherokee shale tran^essed far upon the Mississippian rocks in those 
areas, and in fact practically if not quite completely covered that part 
of the uplift lying north of the Boston Moxmtains, The superficial 
depressions in the limestone were filled and many of the subterranean 
openings were wholly or partly filled by shaly sediments which, 
together with the residual chert and limestone, formed the basal 
breccia that was afterward mineralized. 

About the close of Alleghany time, or the middle of the "Lower 
Coal Measures," an uphft raised the Ozark region above water. At 
the close of the Carboniferous period the region shared in the gen- 
eral deformation, which gave it much the sfune contour that it 
now has. After the close of the Carboniferous period the region was 
for a long time subjected to subaerial erosion, which eventually 
reduced it to a peneplain. During this time chert nodules were etched 
from their limestone matrix, reduced to smaller size, and rounded by 
water. In the later part of the period, when the land stood near 
base-level, the gravels must have covered much of the surface with a 
heavy mantle and lain deeply in the wide, shallow waterways and 
draina^ basins. The deposition of the lignitic Eocene of southeast- 
ern Missouri was followed more or less closely by the uphft of the Ozark 
re^on to nearly its present position — an uplift that quickened the 
alu^ish streams of the peneplain, which swept the accumulated 
gravels down the sides of the dome and out upon the Mississippi 
delta plain. The rejuvenated streams attacked the peneplain with 
renewed energy, cutting canyons 250 to 300 feet or more in depth 
and removing the Cherokee mantle from most of the area, A slight 
subsidence, which resulted in the deposition of sand and gravel 
terraces in the canyon bottoms, was followed by an elevation which 
removed most of the terrace material from the valleys. 
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UNDEBaROUND CIRCUZ1A.TION IN THE OZARK REOION. 
aCFOBTANOB OP THBOBIBS OF CXBCtTLATZOM. 

In any discussion of the origin of the lead and zinc ores of the 
Ozark region the form of the conception of the circulation of the 
undel^;^o^lnd waters must play an important part and must be espe- 
cially considered in any discussion of the deposition of these ores 
in southwestern Missouri. An attempt will be made under this gen- 
eral heading to present a conception of this circulation in a cross 
section of the Ozark dome from its summit to its ma]^;in in the south- 
western or Joplin district and to represent its development by stages 
to the present time and condition. In this attempt the principles 
developed by King and SUchter in their experimental work with 
homogeneous materials are applied to the heterogeneous strata and 
structures of the geologic cross section of the dome. 

THB AKTBSIAH OIItODI.ATZON. 

The circulation of underground water in the Ozark dome is doubt- 
less limited principally to the stratified rocks above the pre-Cambrian 
basement complex. The circulation of water through the cleavage 
planes and joint systems of the crystalline rocts must be relatively 
slight. The circulation in the upper part of the stratified rocks must 
largely exceed that in the Iowot part, which, however, has the acc«e- 
Bory factors of increased temperature and pressure, so that it may be 
questioned which part of the circulation is the more eflfective for 
solution and transportation. 

In the preceding pages and on the geologic map (Fl. Ill) it has 
been shown that the Cambrian and Ordovician rocks make up the 
central and eastern parts of the dome except the small nucleal area 
of crystalline rocks, that the nonpersistent Chattanoc^a shale is lim- 
ited to the southwestern part of the dome, that the shaly phase of the 
Einderhook is confined to the northern half of the d<»ne, that the 
Mississippian formerly extended nearly to the summit of the dome, 
and finally that the Pennsylvanian shale formerly covered almost all 
if not quite all of the dome. 

When, after the close of deposition of the Pennsylvanian shale, 
the Ozark dome was elevated into land, the crest of the dome 
was subjected to erosion, wliich then, or as soon as the overlying 
Pennsylvanian shale and other rocks were removed, exposed Cam- 
brian and Ordovician rocks. The exposed Cambrian and Ordo- 
vician sandstones and dolomitic limestones dipped away from the 
crest of the dome on all sides and were overlain on the flanks by the 
impervious shale of the Pennsylvanian, fo rming the receiving area 
of a practically perfect artesian s^tem, a cross section of which would 
84551°— Bull. 606—15 3 
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correspond almost exactly with SJichter'a dif^am * (reproduced here 
as fig. 1) , showing the flow of water in a series 
of inclined pervious beds lying between two 
impereioua beds. 

At that time the ground-water level maybe 
assmned to have been near the surface of the 
crcat of the dome. Water falling upon the 
surface would sink into the ground and would 
then flow outward down the slope of the dome 
into the partings between the strata. If the 
whole stratified section of the dome be taken, 
into account, the crystalline basement fiov 
nishes the lower practically impervious limit. 
As the impervious Pennsylvanian shale over- 
laps upon the flanks of the dome and forms 
the upper impervious limit, the requisite con- 
ditions of the diagram are established. Iq 
thediagramthewateris represented aa taking 
a fairly direct course from K to C. This 
obviously is its main path— that pursued by 
the main volume of flow — but undoubtedly 
the whole triangular area between C, K, and 
the base of the upper impervious bed above 
K is flUed with water moving with less ve- 
1 1 locity toward C. So we may reason that 

I $ the undersuriace of the upper impervious 
g !_ bed for some distance from its mai^in is the 
^1 upper limit of asheet of waterflowing upward 

I I to C. Thi^ reverse flow is distinguished here 
1 3 because in the present writer's opinion it 
I % has an important relation to the theory of 
g^ ore genesis here presented. The writer con- 
I i ceives that thb body of stagnant or slowly 

I = moving water in the broken ground or basal 
a I breccia just below the Pennsylvanian shale 
1 1' was favorable to the escape of carbon dioxide 

I I and hence to the deposition of the ores. 
1 1 The general outline of the circulation 
■S having been established from this diagram, 
I it will be helpful to picture, by a series of 
P diagrams, the stages in the development 
J; of the circulation as the Pennsylvanian 
I shale border is eroded farther and farther 
I down the flanks of the dome. In order that 
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liie relation of the different stages to each other may be perfectly 
clear the same diagrammatic radial cross section will be used in 
each diagram of this series, modified for each stage to represent the 
progressive erosion of the dome. 

At the stage represented in figure 2 the Pennsylvanian shale has 
been eroded to B, or perhaps has never extended beyond that point. 
The circulation will thus be in a very early stage of development. 
The ground-water level shown by the dotted line is near the surface, 




FiousE I.— Digram showing early alagafDOEarbaitesloD circulation. . 
Taulan sbala. a, Pemuylvaiiiao shale; b, JillssJssippian limestone; c 
d, Ordovlciiui and Cambrian rocka; f, pTe-GambTian rocka. 

and the underground journey of the water from the points where it 
enters the circulation to the points where it emerges at the margin of 
the shale is not long. Theoretically, the circulation sweeps through 
tiie whole column of stratified rocka, but as a matter of fact the circu- 
lation in the lower rocks b infinitely slower than in the rocks nearer 
the surface. As the strata making up the slope of the Ozark dome 
are of different degrees of porosity and are separated by parting planes 
through which the water circulates more freely, they constitute an 
artesian slope, and water under artesian head may be found not only 




FiQVBK g.— Diagram showing lat^ stage In Otaik aiUelan circulation. A-E, Stages in erosion ol Fenu' 
sylvanjaii shale, a, Pemi^lvanlau shale; b, Mlsslsslppian limestone; c, Chattanooga (DeTonian) shale; 
d, OrdoTlclan and Camto'iiui rocks; e, pF»{!ambriaD rocks. 

beneath the Pennsylvanian shaio but also within the area of the slope 
from which that sliale has been eroded. 

At the stage shown in figure 3 erosion has progressed until the 
inner margin of the Pennsylvanian shale rests at point C. The cir- 
culation is well established but is practically confined to the Cam- 
brian and Ordovician rocks. The direction of fiow at the point B, 
which in the preceding stage was upward, has under artesian pres- 
sure been reversed and is now directly downward to the undeipxjund 
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water table and then outward down the slope of the dome. The 
flow at C is upward under hydrostatic pressure, which drives the flow 
on beneath the Pennsylvanian shale cover for some distance, produc- 
ing a reverse Sow inward beneath the shale, as explained above. 

The erosion of the Pennsylvanian shale at the stage shown in figure 
4 has proceeded until ite inner edge rests at point D, The flow is now 
downward at C as well as at A and B, and is upward under strong 
arteeian pressure in the strip of territory adjacent to the edge of the 
shale. The Pennsylvanian shale ia probably unbroken down the sides 
of the dome, and the water inclosed in the sedimentaries beneath the 
shale is practically stf^ant. The flow pursues the theoretical paths 
of the cross section, modified by the conditions of more active and less 
active flow in various parts of the stratified series. In the absence of 
the Chattanooga shale and of the more shaly phases of the Kindeiv 




FiavsE 1.— Dlagnin showing still lats atags In OaA an 
FtmajVnnim shaJa. a, Fcnnsylvanlan sbale; b, UlBstsslpplu] II 
gbnle; d, Ordgrlciui and Camtulsii locb; t, prM^ambriBii rocfca. 

hook, the circulation of the Cambrian and Ordovician rocks and the 
Missiasippian rocks is one, the contact being no more capable of 
separating them than is the contact between two individual limestone 
beds in either series. Water falling on the central area of the dome 
out to the circle drawn through D, except the run-off and the water 
evaporated, ia drawn into the sedimentary rocks, flows down the dip 
of the rocks, and rises to the surface again in the territory adjacent 
to the shales. 

The foregoing diagrams {figs. 2, 3, and 4) represent the orderly 
development of the underground circulation of the dome with pro- 
gressive erosion of the overiying impervious cover, the Pennsylvanian 
shale, uncomplicated by the intercalation of the Chattanooga shale. 

Another diagram may be added to show the complexities imposed 
upon the curculation by the occurrence of lenses or larger bodies of 
shale intercalated between the Cambrian and Ordovician Umestones 
and the Mississippian limestones. The diversions forced upon the 
ascending currents by these perched water tables are similar to those 
imposed by the edge of the Pennsylvanian shale. Figure 5 shows 
also the condition that exists when the Pennsylvanian shale has 
been cut through farther down the dome and when strong artesian 
currents rise to the surface. 
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The diagrams probably show the conditions as plainly as words can 
express them, but a few points should be emphasized. One point 
is that notable currents are not established in the limestones until 
the overlying Pennsylvanian shale has been removed. The first 
currents set up at the edge of the shale are ascending currents. 
Where the shale is cut through the currents are necessarily ascending 
until erosion of the surrounding country has lowered the ground- 
water table below the junction of the underlying limestones with the 
Pennsylvanian shale. Another point brought out by inspection of 
the diagrama is that water which has entered the circulation on the 
simimit of the dome, has penetrated deeply into the stratified rocks, 
and has risen to the surface again will not be likely to penetrate so 
deeply a second time. This is equivalent to saying that water enter- 
ing the strata on the outcropping edges flows along the bedding more 
easily than it penetrates the underlying strata. The efl'ect is to con- 




FiauBB G.— DiB£»m showliig lata stags ia Oiatli aiteslan ctrcuktlon. A-£, Stages M ariMlou ot Taaay\- 
■vanlaa shale, a, Psnnsilvaiilan ahole; b, Misslsslpplan llmestcne; c, Chattanooga (DevonloiiJ sbsle; 
i, Ordorlotan and Camhrlon rocks; t, prfr<?ambrlan rooks. 

centrate in the upper circulation any mineral matter taken into solu- 
tion by the water dtiring its passage through the rocks. 

FLOwnra wblls. 

The distribution of the flowing wells about the dome (PI. IV) is 
just what should be expected from the foregoing discussion. The 
flowing wells in Missouri are in a circle that borders the uplift from 
St. Louis to the southwest comer of the State, either in the bordering 
area of Pennsylvanian rocks or in the adjoioing zone of the uplift. 
The central part of the dome yields no wells that flow at the surface. 
Xn southeastern Kansas and northeastern Oklahoma there are 
flowing wells near the border of the uplift, but along all the southern 
border of the uplift there are only one or two flowing wells. The 
reasons for this absence of flowing wells are not far to seek; first, 
the limestone area north of the Boston Moimtains is so well supplied 
with large springs of pure water that there has been no necessity for 
sinking deep wells; second, in the vaUey of the Arkansas, south of the 
Boston Mountains, where the surface water supply would render 
artesian water desirable, the depth to the water-bearing sandstones 
of the Cambrian and Ordovician rocks is too great to induce the 
boring of such weDs. 
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0£N£SIS OF TH£ ORES. 
GENEItAI. RELATIONS OF THE lOFUTS ZINC AND LEAD DEFOSITS. 

The lead and zinc deposits of the Mississippi Valley occur in three 
groups: (1) Those of the Ozark region; (2) those of the upper Mis- 
sissippi Valley, including the deposits of southern Wisconsin, east- 
ern Iowa, and northern Illinois; and (3) those of outljring districts, 
including the central Kentucity, the Kentucky-Illinois, the southern 
Arkansas, and the Arhuckle Mountain, Okla., districts. The deposits 
of the Ozark region are by far the most important. 

The Ozark region contains four districts: The southeastern Mis- 
souri disseminated lead district; the central Missouri district, char- 
acterized by small ore bodies yielding both lead and zinc; the Joplin 
or southwestern Missouri district, the main zinc-producing area; and 
the northern Arkansas district, producing chiefly zinc. Th^e four 
dbtricts are arbitrarily so chosen aa to include the chief ore-producing 
centers. If all the scattered lead and zinc deposits known in the 
region were included, a continuous zone (except for the break between 
Miami, Okla,, and Fayetteville, Ark.) would be outlined, beginning 
with the southeastern Missouri district on the east, thence circling to 
the northwest, thence to the south, not far'from the margin of the 
Ozark uplift, and finally extending eastward along the northern slopes 
of the Boston Mountains. 

Two forms of the iron-ore deposits oi Missouri — the secondary limo- 
nite deposits and the hematites of the filled sinks — ^were originally de- 
posited as sulphides. These deposits, which in the opinion of the writer 
are genetically related to the lead and zinc deposits, are practically 
confined to the area occupied by the Cambrian and Ordovician rocks 
and are most plentiful in the central and southern parts of this area. 

The lead and zinc deposits of the Mississippi Valley are distinguished 
from one another by certain differences in the form and structure of 
the ore bodies and in the mode of occurrence and character of the ore. 
The Joplin district is characterized by the absence of well-defined 
fissures and by the common occurrence of the ores in large elongate 
bodies of generally shght horizontal extent, known as "runs," or in 
comparatively thin tabular bodies of great horizontal extent, known 
as "blanket breccias" or "sheet ground." The ores consist of zinc 
and lead sulphides, which occur in the runs mainly as a cement to chert 
breccias and in the sheet ground mainly as jasperoid replacements in 
horizontal layers between slightly disturbed beds of chert. 



In connection with the descriptions of the different geologic forma- 
tions in the district given in the chapter on areal geology the most 
productive ore horizons were pointed out, but for convenience tiiey 
may be briefly summarized here, beginning with the uppermost. 



OENESIS Of THE ORES. Sd 

1. The highest ore horizon Btratigraphically lies in the rocte of 
Chester age immediately heneath the Pennaylvanian shale, and ex- 
tends downward into the Boone formation. Ores from this horizon 
have been mined extensively at Miami, Okla., and drilling has shown 
that similar deposits extend northeastward into Kansas. 

2. The great horizon of the "open-ground" or "confused-ground" 
deposits of the Joplin r^on is in that part of the Boone formation 
which Ues above the Grand Falls chert member. These deposits were 
the first mined and they have yielded the great bulk of the ores so far 
produced by the district. A few of th^ deposits extend downward 
through the Grajid Falls chert where the " open ground " cuts through 
that member, but generally where the deposits reach as deep as the 
upper surface of the Grand Falls chert that member terminates the 
ore and becomes the "bedrock." 

3. The "sheet ground" of the iBgion is formed in the upper part 
of the Grand Falls chert. This horizon has been productive in places 
at Galena, in Kansas, and in the territory immediately west of Joplin, 
in the area reaching from Oronogo to Ihienweg, at Granby, and at 



4. Disseminated and "open-ground" deposits of zino and lead 
occur in that part of the Boone below the Grand Falls chert member, 
in rocks of Kinderhook age. These deposits have been opened at, 
Galena, Kans,, and at Hornet, Granby, Oronogo, Stotts City, McDowell, 
and Aurora, Mo. 

5. A fairly persistent ore horizon at the level of the Chattanooga 
(Devonian) shale has been demonstrated by a drilling campaign at 
Granby, Mo. No shaft has as yet been sunk to these deposits. 

6. Some ore has been mined in the Sand Ridge mine at Aurora, 
Mo., below the horizon of the Chattanooga shale in rocks that prob- 
ably belong to the Jefferson City limestone of Ordovician ^e. Ore 
below the horizon of the Chattanooga shale has also been reported in 
drilling in the Joplin region a number of times. 



If considered as to their genesis, the zinc and lead deposits of the 
Joplin district have long been acknowledged to be among the most 
puzzling in the whole category of ore deposits, and this statement is 
easily home out by a perusal of the diverse views set forth in the f ol- 
lowir^ brief r€sum6 of the various theories presented to account f oi 
their deposition: 

Schmidt and Leonhard,* who were the first geolo^ts to make a 
detailed investigation of the zino and lead deposits of southwestern 
Missouri, concluded as the result of theur studies that the ores were 
ac r^lbms of southwest UbsoDri: Uissaarl 



,C~AK>^[C 



40 ZINC AND LEAD DEPOSITS OP THE JOPUN REGION. 

deposited contemporaneously with the dolomitization of the Missiasip- 
piaa rocks, apparency by laterally moving but not surface solutions. 

Jenney,' studying the deposits 20 years later, held that the ores 
were derived from the pre-Cambrian crystalline rocks through fissures 
of indefinite vertical extent and were deposited by solutions of 
moderate or normal temperature, cooled by the long journey from 
their sources. E. M. Shepard,' diacussing the Greene Comity deposits 
a few years later, concurred in this view. 

F. L. Clerc,* in a short description of the geology of the mines of the 
disbiot, suggested that the ores were leached from the sink-hole 
[Cherokee] shale patches which dot the region and which "may be 
Cffily a small part of those that once existed." 

Haworth,^ writing in 1904 upon field work done in 189S-99, con- 
cluded that the ores wete in the main derived from the overlying 
Cherokee (Feunsylvanian) shale, and carried down and concentrated 
in the Mississippian limestones and cherts. 

Buckley and Buehler,* in their report on the geology of the Granby 
area, state their belief that the metals of the present concentration 
were disseminated in the overlying Pennsylvanian shale, during the 
erosion of which the metals were oxidized and taken into solution, 
cimied downward into the Mississippian limestones and cherts, and 
there concentrated and deposited by the mingliT^g of oxidizing and 
reducing solutions. 

Winslow " showed by the lai^e-quantity analyses of Robertson 
that zinc and lead are disseminated throu^ the Archean, Cambrian, 
Ordovician, and Mississippian rocks of the Ozark r^ion, and he 
argued that these rocks by their decomposition in turn furnished the 
metals for the succeeding rocks ; that the caverns and sink-hole 
breccias of the pre-Fennsylvanian erosion furnished favorable sites; 
that the solutions from the limestone land furnished the metals, and 
that the oi^anic matter deposited by the Pennsylvanian sea consti- 
tuted a suitable precipitant; wherefore be held that beneath the 
margin of the Pennsylvanian sea the conditions were most favorable 
for the concentration of the ores. With this view Branner', Keyee,* 

■ Jenney, W. P., The lead and iloc depOBlts of the UissiBalppI Vslle;: Am. lost Uin. Eng. Truu., vcj. 
IS, pp. M9-ZM, ISM. 

■ Sbepsrd, E. M., Oeology oC Or»Da County: ICfasonri Ged. Survay, tdI. II, pp. ie»-lT3, ises. 

" Wilson, J. N,, Lead and line we of Bouthweat UlauHirl mines; witheDtlaitsil stsUatliS, wlti ctm- 
liibutlons by F. L. Cletc and T. N. Davey, Cartilage, Mo., pp. 8-11, 1887. 

• Hawortli, Erasmus, Special repnt on lead and line: Kansas Vniv. OeoL Barrey, vol. e, pp. llT-iae, 
ie04 {distributed leOT). 

• Buckley, E.R., and Buehler, H. A., Oeology oltbe Oianby area; Ulssonit Bur. Oeolagy and Ulnce, 
2d aar., vol. 1, pp. TS-llO, IBoe. 

9 Winslow, Arthur, L«ad and itno deposits: Ulssouri Oeol. Snrmy, Tol. 7, pp. 47T-1S7, ISM. 
' BranaeT,J. C., The slni; and Usd region at north Arkansas: AAansas Gaol. Btn-rey Ann. BepC. lorlSK, 
vol. S, pp. 11-35, IMO. 

• Keyes, C. R., Diverse origins and dlreiae tbnflg of tormatlan of the lead and line dBpodts of the Ubsb. 
slpp! Valley: Am. Inst. Mln. £ng. Trans., lol. 31, pp. e07-flll, lOOJ; O^atV lead and ilno deposits: their 
gaieaiB, kKalliBtloD, and migration; Am. Inst. Mln. Enj. Trana., vol. 40, pp. IS1^Z31, 1910. 
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and Adams ' are in substantial agreement, though Branner thinks 
that a part of- some of the bedded deposits is of contemporaneous 
sedimentation with the inclosing rocks. Branner and Keyes also lay 
special stress on synclinal structure as favorable to the concentration 
of ore bodies. 

Bain ' adopted the theory, previously worked out by Van Hise for 
the upper Mississippi Valley r^on, of a primary deposition by as- 
cending artesian currents and a secondary concentration by descend- 
ing currents keeping pace with the lowering of the land level by 
erosion. Bain further contributed the view that the ore-bearing 
currents in the Joplin r^on ascended from the Cambrian and Ordo- 
vician rocks through fault zones cutting the "Devono-Carbonifer- 
ous" shales, thus accounting for the localization of the ores and the 
occurrence of dolomite. 

In the Joplin district folio ' Smith accepted, with modifications, 
the Van Hise-Bain idea of a primary concentration of the ores by 
ascending waters that had derived their metal content from either 
the Mississippian or the Cambrian and Ordovician limestones, 
although convincing evidence was not at hand to decide from which 
soiut;e the metals were chiefly derived. He greatly minimized the 
importance of sulphide enrichment by downward currents, main- 
taining that the vertical order, frequently observed, of galena above, 
next blende, with iron sulphide in depth, is one normal to primary 
deposition by ascending solutions. In the chapters on stratigraphic 
and structural geoli^y in that folio the junior author (the present 
writer) showed that only minor faulting was found in the area imder 
discussion and pointed out that the Qiattanooga (Devonian) shale 
was not persistent and hence not a complete barrier to the ascent 
of solutions from the Cambrian and Ordovician rocks. 

The writer, in the present paper, still maintains that the rocks of 
Kinderhook age — that is to say, the lower part of the Boone forma- 
tion — even in their more shaly phases are, nevertheless, decidedly 
arenaceous and ore not an effective barrier to the ascent of the ore* 
bearing solutions from the Cambrian and Ordovician limestones 
below. This view he holds to be proved by the finding of ore rich 
enough to justify mining at places in those rocks, notably at Spring- 
field, Aurora, McDowell, Stotts City, Joplin, Hornet, and Qalena. 
He further holds that the Chattanooga (Devonian) shale is an effec- 
tive barrier to the ascent of the solutions, as is proved by the absence 
of ore bodies over the known distribution of that formation as shown 

iAdanu,a.T.,ZiiiBaDd)eadd(i>OBltsofD<«heniAikaii9B9: U, S.Oeol. BurTe7FrDr.Pq«r21,pp.43-4e, 
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on the map (PI. III). The writer also behoves that, directly or indi- 
rectly, the Cambrian and Ordovician limestones and dolomites have 
furnished the major part of the ores now fomid in the Joplin district; 
that these ores were precipitated from ascending alkaline-saline sul- 
phureted waters similar to those now risii^ in artesian wells within 
the Pennsylvanian area immediately west of the Joplin district; 
that the pyrite and marcasite deposits which gave rise to the sec- 
ondary limonite deposits and the hematite deposits in the filled 
sinks of the Cambrian and Ordovician area are of similar origin to 
the lead and idnc deposits; that the solution, transfer, and redeposi- 
tion of sulphides by such solutions is simple, as is shown in the chap- 
ter on the chemistry of lead and zinc compounds; that such metals aa 
are carried by sulphate acid waters in the district have resulted from 
oxidation of the ore deposits and represent merely a local transfer of 
such metals; that the deeper waters of the district now carry leas 
mineral matter in solution — that is, less salts of the alkalies and 
metals — than formerly because they have been "sweetened" by long- 
continued circulation, whereas the artesian waters drawn from the 
same horizons west of the Joplin district have preserved their pristine 
character because they have been impounded beneath the Pennsyl- 
vanian shales; all of which beliefs the writer holds are substantiated 
by the facts herein set forth. 

It will be observed that in the forgoing views the rocks at prac- 
tically all geologic horizons in the area have been drawn upon as 
sources of mineralization, namely, the pre-Oambnan, Cambrian and 
Ordovician, Mississippian, and Pennsylvanian. This paper will be 
confined to an endeavor to show that the ores were derived chiefly 
from the Cambrian and Ordovician rocks and wiU not attempt to 
discuss even obvious objections to other conclusions unless such 
discussion appears necessary to elucidate points in connection with 
the view that the ores were deposited by ascending circulating arte- 
sian waters. 

COEMISTBY OF LEAD AND ZINC SOLUTIONS. 

NATUEE OP OSB 80LOTION8. 

Ore solutions, which are in general dilute solutions charged with 
divers metalhc salts in various degrees of concentration, are regarded 
by the physical chemist as complex but homogeneous systems in 
which the salts are dissociated in various degrees of ionization and 
hydrolyzation and in which the acid and base radicles exist in all 
possible combinations as well as in individual ions, the relative 
quantity of each depending on the ionization constants, the solu- 
bility products, and the original concentration of the salts. This 
view no doubt presents a true picture of the actual constitution of 
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an ore Bolution, but for the purposes of this diacussion it will be 
preferable to regard an ore solution as a mixture of various simple 
salt solutions, the reactions of each of which may be considered 
separately. As the ionized radicles in a salt solution are balanced 
against one another in harmonious equilibrium, the violence done 
to the physico-chemical conception by thus treating the ore solution 
as a mixture of simple solutions is more apparent than real. 

In this paper it wiU be assumed that the metals of the ores were 
originally disseminated through the limestones as sulphides, and an 
attempt will be made to picture the solution of these sulphides, their 
transportation, and their redeposition. 

SOLUTION AND TKANSFEB AS SUIPHATES. 

The sulphides of the metals coming in contact with air or oxidizing 
sohitions are changed to sulphates, the end results being expressed 
by the following reactions: 

PbS-i-40 = PbS0, 

ZnS + 40 = ZnS04 

FeS, + 70 + H,0 = FeSO, + H^, 
The sulphates of the metals, except that of lead, which is moderately 
insoluble, are readily soluble and enter into t<he general ground-water 
circulation. The metals are transferred in quantity as sulphates 
probably for short distances only. As shown farther on (pp. 55—56) 
zinc sulphate in an underground circulation carrying earthy bicar- 
bonates, organic matter, carbon dioxide, and hydrogen sulphide 
may react with the earthy bicarbonatea and remain in solution to a 
small extent as zinc bicarbonate or, according to Bailey (see p. 69), 
it may be precipitated as zinc carbonate; or it may react with the 
limestone country rock and form zinc carbonate, thus: 

ZnSO, + CaCO, = ZnCO. + CaSO, 
or (see pp. 62-66) it may be reduced by organic matter and be depos- 
ited as the sulphide: 

ZnSO, + CH^ = ZnS + 2H,0 + CX), 
or, as shown by Bischof,* it may be precipitated as the sulphide by 
hydrogen sulphide, thus: 

ZnSO^ + HjS + CaCOa = ZnS + CaSO, + CX), + H,0 
In mines that contain considerable iron pyrites and that are alter- 
nately dry and wet there is likely to be rapid oxidation. If the water 
from such a mine does not come in contact with limestone it is likely 
to be heavUy charged with the sulphates of the metals. For the 
reasons pointed out this transfer is likely to be of limited horizontal 

1 Bbcbot, Oustav, Elements of chemlial and physical geology (tnndattoa by B. H. Paul and T. Dram- 
mood), tdL 1, p. 15, Lraidan.Oaveadiali Society, 1854. /— ■ i 
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extent, in general £rom upper to lower leTela in the mine; The 
few scattered ' ' buttermilk ' ' springs of the district, which carry la^ 
quantities of zinc sulphate, mark the outcrop of exclusively cherty 
strata which have elsewhere receiTed either mine drainage or drainage 
from oxidizing sulphide ore bodies that has not been neutralized 
by contact with limestone. (See analysis No. 116 in the synoptical 
table.) The "alum" springs similarlj mark the emei^ence of drain- 
age from sulphide deposits unde^oing oxidation. (See analyses 
Nob. 117 and 118.) 

As before stated, the transfer of the metals as sulphates in qnan- 
tity probably covers short distances only. Few if any of the analyses 
of deep waters fail to reveal the presence of more or less sulphate 
radicle. If such waters carry traces or measurable quantities of 
zinc, one can not say that the ionized solution does not carry potential 
zinc sulphate. Minute quantities of the metallic sulphates may 
therefore, in effect, be carried for long distances. 

Gottschalk and Buehler ' have made and published a Beriee of 
important experiments to show the order of oxidation of the sul- 
phides. They found that the natural sulphides show differences 
in conductivity and may be arranged in a series analogous to the 
electromotive series of the metals. In moistened contact in pain 
they act as batteries; the mineral that stands lower in the electro- 
motive series is dissolved, and the mineral that stands higher is 
protected from oxidation. The ft^owing measurem«its of the 
conductivity of minerals have been taken from the much fuller 
table in the more recent of the two articles cited. The measurements 
are in vtdts and are made against a copper wire. 

Table of crmduclivilUi of natural tiUphidu. 

Volt. 

Marcasite +0. 37 

ChBlcopyrito -|-0.18to+ .30 

Pyrite + .18 

Galena + . 1& 

Hebillic copper 00 

Sphalerite -.2 to-. 4 

In accordance with this series we should expect, a^ pointed out 
by the authors cited, that with galena and sphalerite in contact 
in oxidizing waters, the galena would be preserved at the expense of 
the sphalerite; and that, with pyrite or marcasite in contact with 
either galena or sphalerite, the lead or zinc sulphide would go 
into solution, leaving behind the iron sulphide. As a matter of 
fact, this is what happens, both in the laboratory and in the field. 
The laboratory experiments showed that niEircasite in contact with 
sphalerite dissolved only one-sixth to one-fourth as rapidly as when 

I Qottachalk, V. n.,BiidBuehlBT, H. A., E(»nomlogBoIagT,vaL6,pp.98-a5,191(^TOLT,pp.I^4t,UII< 
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alone, and marcasite in contact with galena dissolred only one 
forty-fourth to one-sixteenth as rapidly as when alone. In the same 
experimentB the sphalerite in contact with marcasite disBolved 10 to 
14 times as fast as whui alone and the galena in contact -wHii mar- 
casite dissolved 6 to 14 times as fast. This action is anaJc^us 
to the electrolytic action by which the zinc coating protects the 
iron in galvanized iron. In the field in the JopUn district the writer 
has seen mfu'casite incrustiug crystals and surfaces of both galena 
and sphalerite and coDtinuing beyond their present limits, thus 
marking former extensions of those faces that have been etched 
away, leaving the unaltered marcasite crusts. Plate V shows 
a specimen of sphalerite and several specimens of galena etched 
from beneath a crust of marcasite. The marcasite is bright and 
fresh and some individual crystals of it that extend inward beyond 
the plane of former faces of galena or sphalerite suggest that mar- 
casite has to a small extent been deposited since the zinc and lead 
sulphides were carried away. Evidence of this sort of action is 
most cleeurly presented in the sheet ground of the district, where, 
owing to its depth below the surface and below the normal ground- 
water level, oxidation and solution have not gone beyond the capacity 
of the zinc and lead sulphides to protect the marcasite. Nearer the 
surface, and above the ground-water level, oxidation and solution 
have generally reached the stage where all three sulphides are gone. 
Moreover, the necessary condition of moist contact of the sulphides 
may not exist in many of the shallower deposits. Again, the galena 
in this situation protects itself by forming an enveloping film of lead 
carbonate. Hence the shallower deposits may yield galena that 
is practically free from sphalerite and marcasite. 

On the other hand, the writer has seen cubes of galena from the 
230-'foot level of the Sullivan mine, at Miami, which were covered 
with a thin crust of small ruby crystals of sphalerite and ia which 
the galena plainly had been etched from beneath the sphalerite. 
Close examination showed that a httie pyrite was dusted between 
the galena and the sphalerite. With pyrite-galena forming one 
couple and pyrite-sphalerite another couple, it may be that the 
greater mass of the galena operated to cause it to go into solution 
faster than the sphalerite. In the min<^ there usually does not 
seem to be much difference in the etching of adjacent galena and 
sphalerite. 

Fox,^ in 1830, while working on electric currents developed between 
separate parts of metalliferous veins, investigated the conductivity 
of the minerals of the veins and published a table which in sequence 
threes in essential particulars with the one cited above. A htUe 

Bs ot Conmll: Roy, 
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more than 40 years later, Skey,' while engaged in a study of the 
tonalgamation of gold ores, discovered independently the voltaic 
relations of the sulphide minerals and gave a tahle of their relative 
conductivities very similar to the table prepared by Fox. 

Gottschalk and Buehler, in their measurements of the electro- 
motive force of the minerals, immersed them in distilled water. 
They noted that the potential of some minerals (of sphalerite, for 
instance) paired with pyrite was at first high, hut that it dropped 
to one-tenth in a few seconds. Wells,' who has more recently 
studied the electrochemical activity of certain ore minerals, finds 
that the potential developed, depending as it does upon the oxida- 
tion of one of the minerals, varies with the mineral, with the char- 
acter of the solution, and with the length of time covered by the 
experiment. As these are factors that would enter into any ore 
deposition it is obvious that the data which Wells gives represent 
more nearly the natural conditions. Gottschalk and Buehler give 
the order of initial potential in distilled water, whereas Wells gives 
the order in various solutions after action has gone on for some time. 
However, the order of the ore minerals with which we are here 
concerned is the same in both tables, though the spacing may be 
somewhat different, and consequently it will not he necessary to 
pursue the comparison further, 

SOLOTION AND TRANSFER AS CHLORIDES. 

The solubility in water of certain haloid compounds of zinc, 
notably the chloride, the bromide, and the iodide, is remarkably 
h^h, the quantities of the anhydrous salt of these compounds held 
in solution by 1 Uter of water at 18° C being, respectively, 2,039, 
4,782, and 4,190 grama,* In contrast with these, the solubihty 
of the equivalent lead compounds is 14.9, 5.98, and 0.8 grams, 
respectively. The solubility of the compounds of lead and zinc, and in 
particular of the sulphides of those metals, in saline solutions of the 
alkalies and alkaline earths is quite another matter, however; and 
it is with the solubility of the metallic sulphides that we are con- 
cerned, 

Lindgren * has this to say relative to the transportation of lead 
as the chloride: 

Galena, on the other hand, is one of the taogt insoluble sulphides. It is eaid to 
be slightly soluble in water and also in solutions of sodium sulphides.' Lead sulphate, 

> Skey, William, On the capability ol certain sulpbldes to foim tb 
battery: New Zealand Inst. Tibds. and Proc., vol, 3, pp. 222-225, IS' 
metalllo sulphides: Op. dt,, pp. 232-238. 

■ Wells, R. C, Electrochemical actlYit; between solutloDS and ores: Econ. Oeology, vol. s, 
1B13; also Electric actlrtty in ore deposila: U. S, Oeol. BnrvBy BuU, 54S, 1914. 

■ Smith, Aleisodcr, Introduction to Inotguilc chemistry, rev. ed.,p. Mi, New York, 191D, 
* Liodgren, Waldemar, Mineral deposits, p. 415, New York, 1913. 
>Doelter, C, Uhi. pet. Mitt., vol. II, p. 3Ifi, 1899, 
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iccording to Kohlt&uscli and Boee,' is soluble to the ext«at oE 46 Diilligiams in 1 
litet of pute w&ter. The presence of free acids decreases the solubility. Chlorides 
aie more effective. According to Fresenius lead sulphate is soluble in ferric chloride 
and sodium chloride decomposer it slowly. Becquerel found that 1 liter of saturated 
solution of sodium chloride diesolvee 660 milligrams of PbSO^ and in this condition 
it is probably converted to the much more soluble lead chloride by mass action. 
PbClj is soluble in pure water at the rate of 0.909 per cent at 16° C, rising to 3.34 
percental 100° C.;' a 5 per cent solution of sodium chloride, having a common ion, 
Ktards the solubility about one-fourth. 

From all this it appeatB probable that solutions of sodium chloride are the most 
eSective carriers of lead * * " and in many casea at least such solutions mixed 
with Hulphatee probably were active in the genesis of these deposits (that is, lead and 
zinc deposits in sedimentary rocks]. • * * When such solutions encountered 
liyilrogen sulphide or abundant o^janic matter precipitation of the lead as sulphide 
undoubtedly would follow. 

But little data are at hand concerning the solubility of zinc sul- 
phide in solutions of sodium chloride. In the experiment by Wells, 
detailed on p&gs 58, the quantity of zinc dissolved by a solution of 1 
gram of sodium chloride in a hter of water was a little less than half 
that dissolved by water saturated with hydrogen sulphide and less 
than one-sixth that dissolved by water saturated with carbon dioxide. 
Certain strong brines from Kentucky, to be noted later, show traces 
and measurable quantities of zinc, reported as the carbonate, however. 
Also the waters of the German springs, the Solquelle "Bonifazius" ' 
and the Viktoriaquelle,* both nearly pure solutions of salt, contain 
respectively a trace and a measurable quantity of zinc. 

SOLimON AND TBANSFEB AS SULPHIDES AND HTDROSULPHIDES, 

Weigel" gives a table showing the solubihty in pure water of 
various crystalline metallic sulphides, as determined by the conduc- 
tivity of the solution, and from this table are taken the data relative 
to the sulphides with which we are concerned. 

SoiuWity o/cryiUdline mlphidea in pure waUr at 18° C. (6S° F.). 
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I Kioblrauscb, F., and Bora, F., Zdtscbi. phrsik&l. Chemk, vol. 
> Landolt and BGrniteln, PbysIkaUscb-chemlscbe TabeUeu, Berl 
' AnalTSia No. 2Biiitliesyiioptiii^table, p. 130. 
' AjialyslB No. SO In the synoptical tabia, p. 150. 
cWeigel, Oakar, Dla LOsUolikelt von Sobwemiatallaullldea li 
bemle, voL ii, p. 2Sa, 1907. 
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It will be observed that sphalerite is much more soluble than galeoft 
and ranks between galena and pyrite. Field experience in general 
corroborates Weigel, though of course the conditions are not exactly 
paralld, as oxidation enters into the solution of the sulphides under 
field conditions in the superficial zone. On the other huid, under 
some conditions, as shown by the example cit«d on page 45, galena 
appears to be less resistant than sphalerite, for it has been etched 
from beneath a crust of that minerEd. 

Becker and Melville investigated the solubility of various sul- 
phides in solutions containing sodium sulphide and sodium hydroxide. 
The results as regards sphalerite and galena are bs follows: 

A Bolutioii cont^ning a little less tbim 1,000 parte of NajS uid about 100 parts of 
NaHO dissolved 1 part ot ZnS at 20°, The Hulpbydiate dissolves on]y a very email 
quantity of linc sulphide. Sodic carbonate partially Hfttuiated with sulphydric acid 
also disHolveH zinc sulphide. Over 1,000 parts of neutral sodium carbonate which 
had been eemisatuiated with hydrogen sulphide were found necessary to dissolve 1 
part of sine sulphide at 20". • • • 

The sulphides of lead and silver seem to be entirely insoluble in aoluticms of aodic 
sulphide, of sodic sulphydrste, or in solutions of sodic carbonate partially saturated 
wiUk hydtosulphtuic add. We have obtained no evidence of solution wittk these sul- 
phides even when heated above lOO" with the regents in cloeed tubes. 

The foT^cdng experiments show that there is a series of compounds of mercuiy of 
the form ^8, nNa^ one or the other of which is soluble in aqueous solutions of 
caustic soda, sodic sulphydrate, or sodic sulphide, and apparently also in pure water, 
at various temperatures. These solutions eubeist, or subsist to some extent, in the 
preeence ot sodic carbonates, borates, and chloridee. * " • Bisulphide of iron, 
gold, and zincblende form double eulphidea with eodium, which appear to be analo- 
gous to those of mercury. Copper also forms a soluble double sulphide, but com- 
bines more readily with sodic sulphydrate than with the simple sulphide. AH of 
these soluble sulphosalts may exist in the presence of sodic carbonates.' 

When hydrogen sulphide ie passed through waters containing neutral carbonate at 
ordinary temperatures the following reaction ie known to take place: NajOOs+H^Sai 
NaH0O|+NaH8; so that, if the solution of the neutral carbcnkat« be moderately 
strong, a portion of the less soluble acid carbonate is precipitated by hydrogen sul- 
phide. If hydrogen sulphide be passed through the solution until It is only semi- 
saturated or if a saturated solution be added to a solution of the neutral carbonate, the 
composition will be Na,COj+NaHC0,-(-NaH8.' 

In this connection attention is called to the fact that nearly half 
the Kentucky waters which contain hydrt^en sulphide contain also 
sodium sulphide, and that of the 89 waters yielding zinc (see p. 92), 
36 contain hydrogen sulphide, and of these 17 are reported to con- 
tain sodium sulphide. The waters from the Whit&ker well at Pryor 
Creek, Okla., and from the waterworks well at Pittaburg, Kans., both 
in the Ozark r^ion, contain alkaline sulphides, and probably many 
other of the sulpho-saline waters of the district and of the region 
immediately west of it also contain alkaline sulphides. 

1 Becker, O. F., Natural solutJons of cbmabar, gold, Bud essociated siil[Aldee; Am. lour. Set, M av., 
voL S3, p. 208, 1S87. 
■ Becker, O. F., Oedogy of ttie qolcksUver deposits of Uie PadBc ilcfw: V. S. Q««L Barmj Ken. IS, p. 
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Many of the waters considered in the table of analyses given in 
this paper (pp. 107-146) contain alkaline and earthy bicarbonates and 
hydrc^en sulphide, and if they contain these they probably contain 
also more or less sodium sulphide or similar alkaline-earth sulphides, 
as indicated by the following reactions: 

Ca(HCO,), + 2Naa + H,S = NajS +CaCl, + 2H,0 + 2C0, 
2NaH(CO,) + H,S = Na,S + 2H,0 + 2C0, 
Ca(HCO0,+H,S=CaS + 2H,O+2CO, 
In the presence of hydrogen sulphide sodimn sulphide forms the 
hydrosulphide, as shown by this equation: 
Na^ + H^-.2NaHS 
Concerning the action of sodium sulphide and hydrosulphide on 
zinc salts Thomsen ^ has this note [translated and equations sup- 
plied by the present writer] : 

When a dilut^t eolution of zinc sulphate ia treated with an equivalent o( sodium 
sulphide Bolution, a precipitate is formed which contains all the zinc and all the sul- 
phur, leaving a neutral solution of sodium sulphate [ZnS0,-{-Na,S=ZnS(xH20)-t' 
Na,80J; the precipitate is hydrous zinc sulphide. When the zinc sulphate solution 
isprecipLtatedby an equivalent of sodium hydrosulphide solution, the decomposition 
is also complete; the precipitate contains the vhole of the zinc, and the solution 
reacts weakly acid {ZnS0,-]-2NaH:S-BZn(HS),-|-Na^0J; the precipitate is apparently 
zinc hydrosulphide. When, however, a zinc sulphate solution is treated with a 
double quantity of the solution of sodium hydrosulphide, there is no precipitate, but 
a clear or weakly opalescent fluid [ZnS0.-|-4NaHS=NaiZnSj-|-Na5S04-|-2H,S]. The 
eolution yields, with sodium hydroxide and with acids, a. precipitate of zinc sulphide, 
or more probably zinc hydrosulphide. After standing for a few hours there gradually 
forms in the solution a slimy precipitate, hut this is ledissolvod on heating the solution. 
The behavior of the zinc-sulphate solution toward sodium hydrosulphide is, there- 
fore, strictly anal(^us to its behavior toward sodiiun hydroxide; for an equivalent 
quantity of sodium hydroxide decomposes the zinc sulphate solution completely, 
with the formatJon of a precipitate of zinc hydroxide, whereas an excess of sodium 
hydroxide gives a clear solution containii^ zinc oxide-sodium hydroxide {Na2ZnO]= 
sodium zincate]. Zinc hydrosulphide is soluble in sodium hydrosulphide just as 
hydiated sine oxide is soluble in sodium hydroxide. 

The very similar calcium hydrosulphide may be formed directly 
from calcium carbonate and hydrogen sulphide, as shown by 
B6champ ' in the reaction: 

2CaC0, + 2H,S -Ca(HCO^, -I- Ca(HS), 

The eflBcacy of calcium hydrosulphide in the solution and trans- 
portation of zinc is considered on page 58. 

Another set of conditions that must be brought about to some 
extent in the deep waters of the Joplin district in their circulation 

' Thimsea, luUus, Notes cm lino sulphfdraM: Chem. Qesell. Ber., vol. 11, pt, 2, p. 2044, ISTS. 

I B&hamp, A., Recherdiea BUr l'6tat du aaub» dans les eaox mln&alea suUor&is; nasai gnc ■'one d«s 
iBnBaspiot«blesdela((rinatioad8Ceseatix: Annalescfalm. et ph;s., 4th ssr., Tol. IS, p. 202, ISSB. Qodtod 
byCluaBPBlnietln'U. S. GeoL Surrey Ball. 340, p. 455,1608. 
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through the limestones would give opportunity for the action of 
Bodium sulphide or sodium hydrosulphide (and also of the alkaline- 
earth sulphides and hydjoeulphidee) on zinc sulphide. These waters 
contain, among other constituents, sodium chloride and hydrogen sul- 
phide in relative ahundance. The sodium chloride will be almost 
completely ionized, but the weaker hydrogen sulphide will be ionized 
to a small extent only, the quantities of the nonionized compounds, 
of the ion combinations, and of the free ions depending on the ioni- 
zation constants of sodium sulphide and sodium hydrosulphide and 
the concentrations of the original salts and on the solubility products 
of the insoluble salts. We should expect a system to be formed 
such as the following : 

NaCl+Na*+Cl-+Na^+NaHS+HCa + H* + S" + H,8 
If this solution percolating through the limestones encounters dis- 
seminated zinc blende or galena, we should expect the sodium sul- 
phide or the sodium hydrosulphide to hnk itself to the lead or zinc 
sulphide in some combination of double sulphides which is soluble 
and thus carry it into the solution. When the solution eventually 
■ reaches the surface a part of the nonionized or free hydrogen sul- 
phide will escape. The concentration of the free hydrogen sulphide 
having been thus lowered, equilibrium will be restored by the with- 
drawal of a part of the ionized hydrogen sulphide from the sys- 
tem, its withdrawal breaking up a part of the alkali sulphide and 
hydrosulphide and resulting in the precipitation of zinc blende or 
galena. In this, as in other reactions which depend on tiie partici- 
pation of hydrogen sulphide, the effectiven^s of the reaction will 
vary as the quantity of hydrogen sulphide in solution, which may 
undoubtedly be large in the deep waters, since the hydrogen sulphide 
ia set free in depth, where the water will have great capacity for 
holding the gas in solution on account of the hydrostatic pressure. 
As such solutions approach the surface, and the pressure grows less, 
the hydrogen sulphide will escape, the result beii^ a readjustment of 
equihbrium by the spUttii^ up of the soluble sulphides and the depo- 
sition of the simple sulphides. 

SOLUTION AND TBANSFEB A8 DI8PEBSED COLLOIDAL SULPHIDES, 

Tolman and Clark ' have recently presented experimental evidence 
to show that hydrogen sulphide and carbon dioxide are very effective 
dispersing ^ents for copper sulphides. Hydrogen sulphide and car- 
bon dioxide are universally present in the deep-well waters of the 
Joplin region, the latter in greater abundance than the former. If 

> Tolman, C. P., and Clark, J. D., The oxldatten, sdatloD, and pracipitstkin of copper In dtcUoIytto 
GOlutioDS and tha dkpeisiiui and prei^ipltatkin o[ cupper 3ulpliides tram colloidal suapen^lona, withageo- 
logio d[scu39lan: Econ. Oeology, vol. 0, pp. SS»^32, 1914. Cluk, I. D., A ohamical study of ths uirlclupait 
9[copp«[sulphideaTm: NewHexJoo Univ. BuU.,Tol. l,Na. l,pp. TME0,1911. 
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the dkpersing power of these agents should be found to ex-tend to 
tlie sulphides of lead and zinc, it would apparently offer a simple 
method of explaining the transportation and deposition of the metals 
of the Joplin zinc and lead deposits, as we have only to conceive 
the sulphides of those metals taken into colloidal stispension in the 
underground water through the action of carhon dioxide and hydro- 
gen sulphide, carried to the surface by the artesian circiUation, and 
there precipitated by the escape of the gaseous dispersing agents. 

However, it remains to be seen whether the action exhibited in 
the simple solutions used in Clark's experiments is effective in such 
heterogeneous mixtures of very dilute salt solutions as the deep 
waters of the Joplin region. Moreover, most of those waters are in 
reaction nearly neutral, some being faintly acid and others faintiy 
alkaline. Clark ' says that the dispersion of sulphides is least in 
acid solutions and enormously greater in alkaline solutions. There- 
fore, effects comparable to the maximum residts of his experiments 
are certainly not to be expected in the underground waters of the 
Joplin r^on. The same author ' gives the results of several experi- 
ments upon colloidal copper sulphide in a ^^ normal solution 
of potassium carbonate and potassium chloride. When hydrogen 
sulphide was added the colloidal copper sulphide remained in sus- 
pension, but when carbon dioxide was added to another portion 
there was a clean-cut flocculation. Thus in an alkaUne solution, 
which is the most favorable for dispersion, carbon dioxide caused 
flocculation. In the underground waters of the Joplin region, which 
were dilute, nearly neutral, containing chlorides of the alkalies and 
bicarbonates of the alkaline earths, and carbon dioxide in amount 
exceeding the hydrogen sulphide, it seems doubtful whether metals 
transported as dispersed colloidal sulphides have played any great 
part in the formation of the ore deposits. Other reasons leading 
to the same conclusion are given on page 167. 

SOLUTIOH AND TBANSFEB AS ZINCATES AND SULPHOZINCATBS. 

Soluble sodium ^cate is formed by the action of an excess of 
sodium hydroxide upon zinc sulphate, thus: 

ZnSO, -1- 2NaOH = Na;ZnO, + H,SO, 
The same compoimd may be formed by the action of sodium bicar- 
bonate on zinc sulphide, thus: 

ZnS + 2NaHCO, = Na^nO, + H,S + 2C0, 
As calciimi bicarbonate is much more plentiful than sodium bicar- 
bonate in the deep waters of the district, it will be more appropriate 
to write the equation for the similar calcium zincate thus: 
. ZnS + Ca(HCOJ, = CaZnO,+H,S + 2CO, 



nn, O. F. , uid Cluk, 1. D., op. clt., p. UZ. 
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' Thomsen * noted that soluble sodium aulphozincate is formed by 
tbe action of sodium hydrosulphide upon zinc sulphate according to 
the reaction: 

ZnSO, + 4NaHS = Na,ZnS, + Na,SO. + 2H^ 

It seems likely that sodium sulpbozincabe may be obtained directly 
from sphalerite by sodium hydrosulphide according to the equation: 

ZnS + 2NaHS - Na^S, + H,S 
With the escape of hydrogen sulphide at the surface, the sodium sul- 
phozincate would split up into sodium sulphide and zinc sulphide, 
and the latter would be precipitated. 

Similarly calcium aulphozincate may be derived from sphalerite 
by the following reaction: 

ZnS + Ca(HC»0, + H^~ CaZnS, + 2H,0 + 2CX), 

It will be shown later that sphaJerite is dissolved as the bicarbonate 
by the artesian circulation with the Uberation of hydrogen sulphide. 
Such a solution coming in contact with more sphalerite would fulfill 
the first half of the equation last given, and it is therefore reasonable 
to suppose that the metals may be in part transported as zincates and 
sulphozincates. 

As the solutions approach the surface some of the carbon dioxide 
will escape, and in the subsequent readjustment both zincate and sul- 
phozincate will be broken up,- zinc sulphide and calcium carbonate 
(calcite) being deposited thus: 

CaZnO, + H,S + CO, = ZnS + CaCO, + H,0 
CaZnS, + H,0 + CO, =. ZnS + CaCO, + H^S 

The deeper waters of the Joplin district circulating through the 
dolomitic limestones of Cambrian and Ordovician age take up so 
much ma^esium that dolomite is to be expected rather than calcito 
as a result of the foregoing reactions. Calcite is a common gangue 
mineral in the Joplin district, but dolomite is so generally an accom- 
paniment of the zinc deposits that it has passed into a miner's saying 
that "Spar [dolomite] is the mother of 'jack' [zinc blende]." Hence, 
a posteriori, one would be inclined to think the foregoing reaction 
would be effective in the genesis of the Joplin deposits. 

SOLUTION AND TBAN8FEB AS CARBONATES AND BICASBONATE8. 
rOBKATIOV or TKZ OABBOHATEB AHD BI0AKB0KATB8. 

The carbonates of the metala may be formed by reaction of the 
sulphates of the metals with the earthy carbonates and bicarbouates, 
as shown in a preceding section, or they may be formed by solution 

1 TbamseD, JuLus, Nates oo ttoc >ulpb7drot«: Cbem. QeaeU. Bcr., vol. 11, pt. 2, p. 20U, 1878. 



GEKBBia 0? TBB OSES. 53 

of the Botpliidea in waters carrying carbonic acid according to the 
following reactions: 

PbS + CO, + H,0 = PbCO, + H,S 
PbS + 2C0, + 2H,0 - Pb CHCXD,), + H^ 
ZnS + CO, + H,0 « ZnCO, + H,S 
ZnS + 2C0, + 2H,0 = Zn (HCO.), + H^ 
The carbonates of lead and zinc are soluble to a considerable extent 
in water, but the bicarbonates of these metals are many times more 
soluble than the carbonat^. The experiments described below were 
performed by E. C. SulUvan in the chemical laboratory of the United 
States Geological Survey in order to obtain accurate data upon ttus 
point: 

A weight of 5 grams of zinc carbonate (Schuchaidt puriaa.) was atined in 1 liter of 
water Bereral hours imd filtered. The solution was evaporated and the zinc Weighed 
as sulphate. The zinc sulphate found was equivalent to 0.0093 gram of zinc carbonate 
per lit«r in water. 

A weight of 5 gramg of zinc carbonate {Schnchardt ptirias.) was taken in 1 liter of 
water, carbon dioxide was passed througjt, the mixture was stirred for some hours, 
tmd filtered at 12° C. The solution was evaporated and the zinc weighed as zinc 
sulphate. The sulphate found showed that O.TT97 gram of zinc carbonate had dis- 
Bolved in 1 liter of water, equal to jAi "f t^e wei^t of the water. Bischof ' says that 
water saturated with carbonic acid diasolveH ^^ of its weight of artiflcial carbonate 
of zinc. 

A weight of 0.5 gram of lead carbonate (c. p. Schuchardt) was taken in about 1 liter 
of COrfrse water, the mixture stirred vigorously for one day and part of another and 
filtered at 7° C, ammonium sulphate was added, hydrogen sulphide passed into the 
solution, and the lead finally weighed as sulphate. The weight of the sulphate gave 
O.0019 gnun as the lead carbonate diaeolved in i liter of water. 

A weight of 0.5 gram lead carbonate (c. p. Schuchardt) was taken iu about 1 liter of 
wat^-, carbon dioxide passed into the mixture, with stiiring several hours daily for four 
days; filtered at 13° C. Filtrate contained no chloride and no sulphate. Ammonium 
sulphate was added, hydrogen sulphide passed into the solution, and the lead finally 
weighed as sulphate. The lead found was equivalent te 0.0395 gram lead carbonate 

These results corroborate the data quoted from Pleissner and 
Auerbach on pages 56-57 and show that, under the conditions of the 
experiment, zinc bicarbonate is 83.8 times as soluble as zinc car- 
bonate and that lead bicarbonate is 20.8 times as soluble as lead 
carbonate. The value of the experiments with lead carbonate, how- 
ever, is somewhat impaired by the greater length of time and the 
higher temperature involved in the solution as bicarbonate. These 
results indicate that, of the reactions mentioned at the beginning 
of this section, those yielding the bicarbonates would be the ones 
generally followed in the presence of a plentiful supply of carbon 

[. Paul aad J. Drum- 
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dioxide. Unless there is an excess of carbon dioxide (or bicarbonate 
radicle) over that needed to form normal carbonate, however, the 
hydrogen sulphide will precipitate the metals as sulphides. 

Chase Palmer ' has found by experiment that zinc will not be 
precipitated by hydrogen sulphide in the presence of sufficient 
carbon dioxide. A similar reaction for iron was long ago suggested 
by Peter,' who wrote : 

It is remarkable in r^ard to these waters {of th« Eetill Springa], as well ae thcee of 
the Olympian SpringB, and of eevenil other epriiigs of the State, that bicarbonate of 
Boda appears to eidet, in the recent vaters, in solution with bicubonate of lime, mag- 
nesia, and iron, even in the presence of a trace of sulpbiireted hydrcgen. These Bub- 
stances being all held in harmonious solution by the excess of carbonic acid pr«esnt, 
when that gas escapes, however — as when the water is allowed to stand exposed to the 
air, or is boiled — the earthy carbonates fall down ae ineoluble precipitates, along with 
the iron which is thrown down aa peroxide, or, in the presence of alkaline and earthy 
carbonates and sulphureted hydrogen, partly as sulphuret of iron. 

Buckley and Buehler* recognize this reaction and cite it to account 
for the deposition of pyrite in the Granby area, for hydrogen sulphide 
will not precipitate iron in acid solutions and organic matter will not 
reduce ferrous stdphate. Peale and Schweitzer are cited as giving 
numerous analyses of waters that contain hydrogen sulphide, salts of 
iron, and carbonic acid, Buckley and Buehler add: 

The presence of this acid [carbonic acid] in excess will cause iron to be carried in 
solution even in the presence of a lai^ eiccesB of hydrogen sulphide. • • • 

In the Granby area it is thought that the presence of carbon dioxide in the oxidized 
solutions carrying the iron salts was the cause of the retention of the iron. AHex 
min gling with the alkaline Bolutions the iioTi was precipitated only after the carbonic 
acid had been lai^ly used in dissolving calcium carbonate. 

A. M. Peter ' also, as a result of his work on the waters of Ken- 
tucky, as set forth on pages 94-97, thinks that the zinc, iron, and 
lead, in alkaline-saline sulphureted waters are held in solution in the 
presence of hydrogen sulphide by carbon dioxide, being precipitated 
as sulphides on the escape of carbon dioxide at the siu^ace. 

The tact that carbon dioxide (COj) or carbonic acid (HjCX),) can 
keep zinc in solution in the presence of hydrogen sulphide can be 
best understood by taking into account the principle of the " solu- 
bihty product." The action is like that which occurs in analytical 
routine when the metals of the copper and arsenic groups are pre- 
cipitated by hydrogen stdphide from solutions acidified with hydro- 
chloric or sulphuric acids, whereas metals of the zinc group remain 
in solution. In a mixture of zinc sulphate or other sulphates of the 

1 Oral c»mmuiUcatkiQ. 

■ Fetor, Robert, Third oliemii»l report: Eentnoli; Oeol. SiiTvej, toI. 3, old ser., p. 24fl, 1854. 
•Buckley, E, R., anil Buehler, H. A., Oeology ot the arenby ai«a; Uteourl Bur. Oetdog; and Uinea, 
vol. 4,pp. M-95|190a|. 
* Peraonal conLmunication, under date of May 20, 1S12. 
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zinc group and hydrogen sulpbide the action of theae acids in pre- 
venting the precipitation of zinc and its related metals depends on 
the production of a sufficiently high concentration of the hydrogen 
ioa to keep the concentration of the sulphide ion below the point 
where the solution can become supersaturated with ziuc sulphide.' 
Carbonic acid ionizes to a much less extent than the stroller acids, 
but when it is in excess the concentration of the sulphide ion is smaller 
than it would be in the same solution without carbon dioxide, and 
consequently the conditions are such as favor the retention of the 
zinc in solution. 

Carles ' has shown that barium, aa well as strontium and lead, may 
remain in solution as bicarbonate in the presence of sulphate ions. 
He writes: 

Reeeaichee made by ub develop the fact that the waters of Neris-lee-BauiB contain 
lead, copper, barium, lithium , fluoailicatee, and fluoboratee. As Ibeee waters are both 
iulphated and alkaline-bicarbonatad, the existence of soluble liicarbonate of barium 
in the preeenceof alkaline Bulphatca has been doubt«d. Thiacontradictionof Berthol- 
let'e lawH surprised us at first, for we had mippoeed that the barium would be precipi- 
tated by the sulphate, even in the presence of bicarbonatee. Heat and the pressure 
of carbonic acid seemed ta us to tip the balance in favor of the bicarbonatee. As we 
reci^nized, however, that we have never been able to eatablish this experimentally, 
our former double p»riBt«d. 

We recently learned that in the neighborhood of Neris there were several fluwite 
uid even one barite quarry in operation. Analysis shows that the barite contains a 
sensible proportion of fluosilicatee. Ita chwacter being eirtablished, it occurred to 
us to submit this buite to the chemico-geologic conditions indicated above, but under 
a pressure of carbonic gaa. 

To this end we finely triturated several grams of It and boiled it for three hours in 
wat«r containing double the quantity of pure carbonate of soda. The sdution then 
contained undecompoaed sulphate and fluceilicate of barium, carbonate of soda in 
excess, and, as the result of their reaction, carbonate of barium, and sulphate and fiuo- 
sulphate of sodium. A few drops of phenolphthalein indicated the alkalinity of the 
liquor. Itiscertain that if we had added to the mixture an acid capable of dissolving 
the carbonate of barium, the sulphate of soda would have rendered it entirely insoluble. 

This mixture suitably dilut«d with water was put in a siphon for carbonated water 
and supersaturated with carbonic acid by means of sparklets. At the end of 12 hours 
the liquid passed through a filter was of irreproachable limpidity. 

At this stage it was divided into two equal parts, one of which was inlroduced intfl 
long, narrow tubes and the other was placed in conical Bohemian fiasks with very lai^ 
bases. In Uiis way one of the two liquids had larger air surface and the other had 
greater depth. The liquids remained thus for several days in the open air without 
change, but toward the end of the third day the liquid in the flask with the large air 
surface began to become turbid. In the deep and narrow tubes, on the contrary, tui> 
bidity was produced only after about twice the time. 

This detail seemed to us important enough t« be noted both from the point of view 
of conservation and of the handling of the bicarbonated waters at the sprii^. 

In order to hasten the decomposition of these two liquids, they were put into a 
water bath. The carbonic acid is very slowly released, and as a result a very manifest 

' atlegUtE, Julius, The elements of Qualitative cbemlcal anBlfsis, vol. l,pp. 1S9-21E, ICIIl. 
■ Caries, U. F., Fr^aence de la baiTle dana les eaux mlndiales eulptiatto: AjmaleBchliii.siiid.,ToL7,pp. 
M-M, ISM. 
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precipitato u fonued. On close examination it was wen that there were two eub- 
BtancM of unequal density. In reality analysis discloaee fiffit the carbonate of lime, 
then carbonate of barium, and finally traces of Btrontium. The barium was in a 
relatively notable proportion and sufficient to respond clearly to the reactions of the 
sulphate of lime, sulphate of stpontium, chromate of potaasium, and finally to be 
detected by the spectroscope. 

Therefore it is indubitable that sulphated and bicarbonated waters with excess of 
carbonic acid are capable of decomposing sulphate of barium and preserving soluble 
bicarbonate of barium in the presence oi alkaline sulphates. 

It is extremely probable that the presence in these same waters of soluble bicar- 
bonate of lead, strontium, and lime is the result of similar reactions. 

These facts seem to us to be somewhat important from a bydrolc^c viewpoint. 
They prove that we have not yet determined the end of the combinations made by 
metals in bicwbonated wat^s. 

BOLUBIUTT or LEAD OAKBOHATX IS VATXX OOXTAISnra CAXBOV SIOaODX. 

The following data by Leitmeier * show that the quantity of lead 
carbonate soluble -in water bears a definite relation to the quantity 
of carbon dioxide in the water; in other words, in the presence of 
carbon dioxide, lead carbonate goes into solution as the bicarbonate, 
the quantity of which in solution is found to be proportional to the 
concentration of the carbon dioxide. 

Lead carbonate is only slightly soluble in water; but it becomes soluble with very 
small quantities of CO], which may be so small tluit they can not be detected in the 
usual way, as established by Fleiesuer and Auerbach, to whom principally we owe 
our knowledge of the solubility of FbCO,. Therefore the data of W. Bettger and H. 
KoblrauBch regarding the conductivity and solubility of PbCOj in pure H^O are 
rather uncertain since always email variable quantities of COj were present. 

If, as PleieaneT and Auerbach ' have done, we assume a complete ionization of Qte 
PbCOj solution, the solubUity product is L=FbxCO„ in which Pb repreaenta the 
concentration of the lead as determined by analysis and CO, represents the concen- 
tration of carbonic acid. The COj concentration is reckoned according to the formula 



CO,' 



_ t,(HCOaO' 
jt,(HjCO,) 



in which k, and i, are the dissociation conafanta of carbonic acid. Now if c,, is the 
carbonic-acid content of the original solution, then the COj" can be reckoned Siom the 
equations 

HC0/=2Pb" 

<!b-|-Pb ■■=H,CO,-F(HCO,0 

From these three equations a fourth may be derived: 

^4^ (Pb)--' 



L [solubility prod«ctJ=^ - 

This equation shows the relatbn of the solubility of lead carbonate to the CO] 
content of the original solution. 
The authors give the following table for a temperature of 18° C. : 

iLellmeler, H., BleicBrbonat, In Doelter, C, Huldbuch der Uineralcliemle, vol, I, pp. £13-514, 1912. 
' Ftolssuei and Auetbacli, Dber die LSsllchksit einlger BlelverliindungMi, Braltn, 1(07; cll«d by Ab«eg, 
B., Handboch der BJioi^anlscIioii ChomJe, Bd. 3, Abt. 2, Lelpilg, 1909. 
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L [the Bolubility product] ehowa a Btrikingly high figure in eolutions contafaing little 
CO,; hence the authors concluded that in these solutions the content of CO, was 
greater ttin-Ti that shown by the analysis. With higher concentration this value does 
not hold (ae ai^y be seen from the table) and the average of the four last detenuina- 
tions may probably be taken aa the true figure of the solubility: 
£=3.3X10-" 

From this the solubility of PbCOj in absolutely CO fSme water maybe reckoned at 
0.0002 millimol [or 0.4 milligram] per liter. 



The original character of the deep waters of the Joplin district 
having been established by analyses of well waters in Missouri, 
Kansas, and Oklahoma drawn from the same horizon as those of 
the Joplin district but impounded beneath the Pennsylvanian shales, 
it became desirable to ascertain quantitatively the solubility effect 
upon sphalerite of each of the different constituents of the deep 
waters and the solubility effect of the combination of these constit- 
uents of the natural waters as compared with the effect of distilled 
water. The deep waters are salt, sulphurcted, and carbonated. 
Common gangue associations of the sulphides are limestone, calcite, 
and dolomite. To reproduce the conditions of nature as exactly as 
possible, finely powdered sphalerite intimately mixed with finely 
powdered calcite waa tested for solubility with a dilute solution of 
sodium chloride, with a saturated solution of hydrogen sulphide, with 
a saturated solution of carbon dioxide, and finally with a combina- 
tion of these solutions. The experiments were made in the chemical 
laboratory of the United States Geological Survey by R. C. Wells, 
whose discussion of methods uaed and results obtained is as follows: 

A determination of the solubility of dphalerite in water by Weigel ' gave the value 
fi.63X10-" mol ZnS per liter at 18° C, equivalent to 0.00043 gram Zn. This value 

1 Wasser: Zeltscbi. phrslka]. 
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is the solubility alculat«d from the electric conductivity of a solution of ipluderile 
obtained by repeatedly washing the sphalerite with "conductivity" water. 

It was dedred to detennine the solubility of sphalerite in several salt solutions in 
the preeence of calcite. The method of electric conductivity would not be applica- 
ble in such a case, so that a direct method was reeorted to. This consLsted in allowing: 
the solution under inveetigation to flow very slowly through a tube, 1 centimeter in 
diameter and SO centimetos long, filled with powdered sphalerite and calcitM, under 
40 meeh, and closed with ^ass wool, which effectually filttfed the solution. With a 
head of about 250 centimeters the flow was about 200 cubic centimeters a day, a rate 
of flow which was probably sufficiently slow to allow saturation to be attained. 

Two preliminary esperimenta yrere made without taking special precautions to 
exclude air from the solutions -flowing through the tube. In the first experiment 
water alone was used, in the second experiment water saturated with carbon dicoide. 
Theee two experiments gave, respectively, per liter, with water alone, 0.0003 gram 
zinc; water with carbon dioxide, 0.0051 gram zinc. 

Of course, under theee conditions, there may have been some oxidation of the 
sphalerite. Accordingly in the remaining experiments the solutions were coreMly 
protected from accees of air. Boiled water was rapidly cooled, then saturated with 
the desired gases and presCTved in a reservoir whose atmosphere was supplied by a 
generator of the gas under investigation, ot hydrogen. Thus air waa practically 
excluded from all the substances concerned in the experiment. In the four following 
experiments the solutions passed over the sphaleiite and calcit« were (1) water con- 
taining 1 gram of sodium chloride per liter, (2) wBt«r saturated with hydn^n sul- 
ptiide, (3) water saturated with carbon, dioxide, and (4) water containing all theee 
subslancee. The quantities of zinc found per liter are given below. There is also 
added an approximate det^'mination of the calcium. The solutions were at a mean 
t«mpraature of about 23° C. From 1 to 2 Liters were used in each experiment and 
evapcraitions were conducted in platinum. 
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The quantity of zinc found in the dilute solution of salt is leas than that found by 
Weigel in pure water. This discrepancy may be due to the difference in method 
of determination or, as seems more probable, the calcite may have retained the zinc 
as baaic carbonate. It is not known whether the basic carbonate of zinc is leaa soluble 
than sphalerite or not. As for the other determinationa, it appears that tJie preeence 
of hydrogen sulphide increasee the solubility of zinc, posibly by forming a hydnwUl- 
phide, as well as by carrying the calcium into solution. Carbon dioxide acta similarly, 
but to a greater extent. A mixture behavee in an intermediate way. 

In a separate experiment some boiled water was saturated with carbon dioxide and 
allowed to stand 5 months, with occasional agitation, in a tightly closed battle with 
calcite and sphalerite. The solution then gave on analysis: 

Oram per liMr. 

Free carbon dioxide 0. 371 

Calcium 285 

Zinc 0034 

It was desired to determine what effect, if any, dolomite would have upon the 
solubility of the sphalerite. Experiments similar tA those made with a long tube 
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dascribed sbove were accordingly made, dolomite being used in place of ciJcite. 
Three solutioM w«e investigated — (1) wster alone, (2) water aaturaled with carbon 
dioxide, (3) wat«r eaturat«d with hydrogen sulphide. The aolubUitiee found were as 
follows, in gninB per litof: 

SolubUityo/ealdU, (hloTnite, and tphaltriu. 
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These reeulte show about the same order of solubility as the first ones. They have 
not much quantitative value, as in the first place the quantitieB of zinc were very 
Htnall for weighing and in the second place the results would evidently depend 
Bomewfaat on the length of the tube. It is evident that both carbon dioxide and 
hydrogen sulphide increase the solubility of sphalerile under the conditions obtain- 
ing in the experiments. No doubt the solutions that came through the tube were not 
saturated with the gases evenif they started in that condition, so that the equilibrium 
reached must have been one somewhat between that correspoiidiiig either to an excess 
of calcite or an exceas of the gases. The fractional removal of the calcium from the 
magnesium is also indicated in the last experiments. 

In order to obtfuu greater accuracy another set of experiments was 
undertaken by Wells, in which he used much lai^r quantities of 
solution, so that the quantities of zinc obtained in solution should, 
when precipitated, be easily weighable. In a duplicate set of ex- 
periments galena was substituted for sphalerite to determine the 
relative solubihties of the two minerals under the different conditions 
of the experiments. The resulte are discussed by Wells as follows: 

The term "solubility" is used with various meanings, two of which it may be well 
to distmguish before the experiments that follow are described. In a rather loose 
sense, sphalerite and galena may be said to be soluble in atmospheric water under 
ordinary conditions at the surface of the earth; but actually before appreciable 
solution can be effected under thee^ conditions the sutphidee are oxidized and tbe 
compounds that go into solution are likely to be the very soluble sulphate of zinc 
and the sulphate of lead. In other words, the solution is effected through a radical 
chemical change in the initial substance, and this substance can not again be obtained 
in solid form by mere concentration of the solution. In a stricter sense a substance is 
soluble in a given solvent when its conetituente are present in the solution in such 
form that the original substance may be obtained again in the solid form by concentra- 
tdos. It is this kind of solubility that was in mind in the following experiments. 

Let us consider first the solubility of sphalerite. In accordance with the concep- 
tion of the solubility product a solution of sphalerite may hold a zinc content vary- 
ing anywhere from practically nothing up to perhaps a gram of zinc per liter, the 
quantity depending on a simUar inverse variation in sulphide content. The sulphide 
ion content in turn depends on both the total sulphide content and the acidity of the 
solution. In the following experiments it was sought to imitate natural conditions 
by fixing the acidity of the solution by an excess of dolomittc limestone; that is, the 
acidity could not exceed if it could equal that of a solution saturated with carbon 
dioxide or hydrt^en sulphide. The Ca;l^ ratio of this dolomite was 1:0.73. 
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Experiment 1, Sixteen liten of diatilled water were KgitAted in it large cuboy for 
aevet&l days with a little powdered iron lot the purpose of removing all oxygen. 
About 20 grunB of sodium chloride (to prevent colloidal efiecta) and 10 grams of 
powdered sphalerite were then added. The carboy was sealed, rotated for half a 
day, and then allowed to stand a week. After filtering, the solution appeared neu- 
tral to phenolphthalein but aomewliat alkaline to metliyl orange; that is, it was 
practically neutral. Evaporated, 17.6 litera gave 0.39 gram FeO, 0.39 giam CaO, 
0.0008 gram UnO, and 0.0006 gram ZnO. This is 0.000027 gram Zn per liter, a value 
which repreaenls, in my opinion, a maximum for the sine content of a solution of 
sphalerite in practically neutral water. 

Experiment 2, Ei^teen liters of water were nturated with hydrogen sulphide. 
Twenty grams of sodium chloride, 50 grams of dolomite, and 10 giama of sphalerite 
were added, and the introduction of hydrogen sulphide continued for several days. 
After rotation and standing as in the previous experiment the solution was found to 
contain 1.03 grams H^ and 0.000010 gram Zn per liter. Briefly, the quantity of zinc 
was not appreciably different in the solution containing hydrogen sulphide from that 
obtained in the first experiment. 

Experiment 3. In this experiment no epecial precautions were taken to free the 
water entirely from oxygen; in consequence some zinc sulphate may have been 
formed by oxidation of the sphalenle. It was expected that, if formed, this would 
react with the dolomite to produce a basic carbonate of zinc. The experiment was 
really theief<H« a determination of the solubility of the basic carbonate cA zinc. 
Eighteen liters of water were taken, 20 grams of sodium chloride, 15 grams of dolo- 
mite, and 10 grama of sphalerite. By the Bame process employed in the otlier experi- 
ments the solution finally gave 0.00008 gram Zn per liter, a Wue very nearly of the 
same order as the solubility of sine sulphide in water. 

Experiment 4. The conditions were similar U> those last described except for the 
introduction of carbon dioxide in excess. Aa before, it was expected that if much 
zinc sulphate wore present it would give zinc carbonate as the solid phase and zinc 
bicarbonate in solution. The products obtained from 15.6 liters were 15.6 grams 
COj (existing as 10.6 grams free CO, and 5.0 grams bicarbonate radicle), 1.95 grams 
CaO, 1.29 grams MgO, 0.0661 gram ZuSO^. This is Q.0017 gram Zn per liter. The 
increased content of zinc due to the carbon dioxide, 0.0017 compared with 0.00008, 
is clearly shown. The part played by the sphalerite in this experiment may have 
been to furnish aome zinc sulphate through oxidation or in addition it may have 
reacted with the carbon dioxide to form some zinc bicarbonate and hydrc^n sulphide. 

Experiments 5, 6, 7, and S. Experiments exactly similar to these above were 
made, galena being used in place of sphalerite. 'The quantity of lead found in every 
experiment was too small to admit of analytical determination, although hydn^n 
sulphide produced a cloud in all the concentrates, that produced in the solution 
which had contained an excess of carbon dioxide being distinctly heavier than the 
others. Presumably these faint precipitates were due wholly to lead, but this pro- 
sumption could not be positively eslAblished. It is evident that galena is appre- 
ciably less soluble than sphalerite — so insoluble, in tact, that 18 liters of a neutral 
solution do not contain aa much aa 0.1 milligram of lead. Knox ' has given for the 
solubility product of lead sulphide the value 2.6X10~"; but Stieglitz ' has pointed 
out that the true value is probably much smaller than this. The solubility relations 
of lead carbonate in the presence of an excess of carbon dioxide have been more 
completely studied by Pleifisner and Auerbach, whose results leave nothing to be 
desired. (See pp. 56-57.) 

> Knox, Jcaepb, A study ot the sulphur anion and oF oomplex snlphur anions: Patads; Soc, Tiaoa., 
vol. 4, p. 44, 1908. 
1 BtleglUi, Juliiu, The elements ot qualitotlTe analpls, pt. 1, p. 313, 1911. 
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PKECEPTTATION AS BULVHWKB. 
PBXOIPITATIOV BT BTSSOaKS SlTLPHIDt. 

Among the suggested precipitants of the sulphides which may be 
regarded as having been, efficient in the Joplin region are hydrogen 
sulphide, thiosulphates, and organic matter. The most effective of 
fheae is undoubtedly hydrogen sulphide, which is present ia greater 
or less quantity in practically all the deep waters of the region. It 
is released in the formation of carbonates and bicarbonates of the 
metals by the action of carbonic acid (I^CO,) upon the sulphides of 
the metals, as shown in the reactions indicated in the forgoing pages. 
It is freed aJso in the formation of calcium and sodium zincates and 
sulphozincates by the action of sodium and calcium carbonates and 
bicarbonates upon zinc sulphide. It is therefore a by-product of the 
solution of the disseminated sulphides according to those reactions 
which are behoved to have been the most efficient in the segregation 
of the ore deposits. Hydrogen sulphide may also, to some extent, 
have been liberated by the hydrolytic action of the ground water on 
pyrite, as indicated in experiments made by Clark.' 

By these reactions hydrogen sulphide ia liberated in equivalents of 
the metals taken into solution and is carried along in the solution of 
the metals by the artesian flow of the undei^round circulation until 
it reaches the surface, where the carbon dioxide escapes and the 
hydrogen sulphide precipitates the metals as sulphides. 

A fact which has an important bearing on the concentration of the 
carbon dioxide in solution in the undei^round water and on the quan- 
tity which may escape at the surface is that meteoric waters entering 
the artesian circulation upon the crest of the Ozark uplift carry dis- 
solved oxygen. This will react with the iron pyrites disseminated 
through the rocks, hberating sulphinic acid according to this equation: 

FeS, + 70 + H,0 = FeSO, + H,SO, 
The free sulphuric acid attacks the limestones through which the 
water circulates, resulting in the formation of calcium sulphate exid 
carbon dioxide, thus: 

H,SO, + CaCO. = CaSO. + H,0 + CO, 
In their journey downward and outwM-d through the Cambrian and 
Ordovician limestones the waters thus become more and more acid 
through the Uberation of carbon dioxide, the concentration of which 
rises higher and higher with increase in depth. The carbon dioxide 
liberated in the deep underground water, which is under hydrostatic 
pressure, goes into solution in that water in much greater volume 
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than in water at surface pressure. When the waters finally nse to 
the surface, the pressure of the carbon dioxide is lowered and it 
escapes into the atmosphere. The acidity of the water is thereby 
decreased and the hydrogen sulphide present becomes able to pre- 
cipitate the metfds as sulphides, the reverse of the action described 
on pages 54r-55 in the discussion of the solution of zinc sulphide as 
bicarbonate in the presence of carbon dioxide in excess. 

PKIOIFITATIOV BT THI08VI.FEATZS. 

Stokee ' has shown that pyrite and marcasite are decomposed by 
circulating alkaline waters with the formation of alkah sulphides and 
thiosulphates. Allen ' and associates precipitated zinc sulphide froih 
sulphate solution by the action of sodium thiosulphate at a temperitr 
ture of 100° C. Thiosulphate radicle was found by Wells in the water 
from the Church mine and by Failyer and Willard in water from the 
well at Columbus, Kans. (Analyses Nos. 18 and 5 in synoptical table, ' 
p. 149). It was also recognized by Hillebrand in water from the 
Federal Loan mine (No. 81 in the table) and from the Black Prince 
mines, in California. It was found by Headden in the Doughty 
Black Spring (No. 6 in the table) in Colorado, and by Waring in the 
Johnson well (No. 106 in the table) in Texas. Thiosulphate is seldom 
teeted for in commercial analyses, and is undoubtedly more common 
in the deep waters of the Joplin region thui the analyses indicate. 
It therefore may have contributed to the precipitation of the sulphide 
ore bodies of the region by reactions analogous to the following, 
cited by Allen: 

ZnSO, + 4Na,S A = ZnS + 4Na,S0, + 4S 
The tree sulphiur that gives the milky bluish color to ihe deep-well 
waters stored in the reservoirs may be due in part to sulphur set free 
in the foregoing reaction as well as to sulphur freed by the oxida- 
tion of hydrogen sulphide, thus: 

H,S-|-0 = H,0 + S 

FKEOIPITATIOir BT OBOAXIO IfATTSK. 

The reduction of sulphates by organic matter, though generally 
accepted as a fact, does not seem to have been actually demonstrated 
by any experiment yet reported that negatives the possibihty of 
the evolution of hydrogen sulphide from organic matter by the agency 
of bacteria or even the possibility of the du^ct reduction of sulphates 
by sulphur bacteria. The writer has been orally informed by Dr. 
E. T. Allen, of the Geophysical Laboratory of the Cam^e Institu- 
tion, by Prof. H. A. Buehler, of the Missouri Geological Survey, 

1 Stolies, H, N.,F.xperlmeiil3 0DtlieBctkni orvarlaussalatioaBoupyiiteajidmannsIta: Econ. 0aol<^, 
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and by Dr. Chase paSuwr, of the United States Geolopcal Survey, 
that thfly have not succeeded in reducing sulphates by organic 
mattw. Clark ' put cupric sulphate, ferrous sulphate, sulphur diox- 
ide, and powdered coal in a flask, which was E^aken daily for 122 
days, but th«« was no formation of copper sulphide at the end of 
the experiment, from which he concludes that carbon alone -would 
not precipitate the sulphide. Hoppe-Seylw ' describes the reduction 
of a sulphate by nascent methane (CHJ derived from the fermentation 
of cellulose, but the fermentation was probably caused by bacteria, 
and hydrogen sulphide may have been thus evolved in and have 
caused the reduction of the sulphate. Hydrogen sulphide is plentiful 
in certain Russian lakes and seas, cited by Stutzer,' which do not have 
an effective vertical circulation. In the water of Wiessowo Salt 
Lake, for instance, there is 30 times as much hydrogen sulphide at a 
depth of 61.3 feet as at a depth of 52 feet. In the Black Sea there 
is about 20 times as much hydrogen sulphide at a depth of 8,000 feet 
88 at a depth of 700 feet. This hydrogen sulphide results from the 
reduction of sulphates in the sea water by products of the decompo- 
sition of oi^anic suhstuicea on the sea floor, through the action of 
anaerobic bacteria. According to Murray and Irvine* this decomposi- 
tion takes place in two stages, represented by these reactions: 
MgSO^+20 = 2CO,+MgS 
MgS +C0, + H,0 = MgCOa +H,S 
No laboratory proof is given that the sulphate is actually reduced 
by the oi^anic matter as indicated In the first reaction. It may be 
noted in passing that although ferrous sulphide is of common occur- 
rence in deep-sea sediments, iron disulphide has been recognized 
from such deposits in the Black Sea alone, where it occurs as minute 
rods of pyrite [marcasite ?]. 

Allen, Crenshaw, and Johnson' have shown that ferrous sidphate 
can not be reduced to the disulphide by the action of organic matter, 
though they find that hydrogen sulphide will reduce ferric sulphate 
to the disulphide in two stages as f oflows : 

Fe, (SO,) , -I- H,S = 2FeS0, + H,SO. -I- S 
FeSO, + S -I- H,S ^ FeS, -I- H,SO, 
In oxidized solutions some of the ferrous sulphate will be oxidized to 
ferric sulphate, thus : 

6FeSO. + 30 =2Fe,(SO.), + Fe,0, 

'Qait,I, D,, A chemical atudy ottha emicbmeat of copper lulFblde ores: New Mexico Univ. Bull., 
">L 1, No. 3, p. 117, len. 

■ ZeHachr. pbTSblog. ChemlB, Bond 10, p. Ml, ISSB, oiled tnia StuUer, O., Die wichtlgaten LagaraUttan 
der "Nioht^Ene," p. 358, IMl. 

■ Bmtnr, O,, Dte wkht^sten Lagentatten der "Nlcb^Ene," p. 20}, 1911. 

" Knnay, John, and Irvlna, Kobert, Roy. Soc. Edinburgh Trans., vol. 3J, p. 496, I80B. 
> Alien, B. T., Crenahaw, J. L., and Johnson, John, The mineral sulphides ol lroii,wItlia7StalIogtaplLk 
•tndy by E. a. Laraen; Am. Jour. Bel., ttii sw-, vgU 33, pp. 171-173, 1B13. , . , 
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Any aatural water containing iron sulphate will contajn also sul- 
phates of the alkaline earths and perhaps also sulphates of the 
alkalies, Schweitzer ' quotes T. Sterry Hunt ' as authority for the 
statement that when water containing calcium sulphate and carbon 
dioxide conies into contact with organic matter hydrogen sulphide 
is formed, thus: 

CaSO,+CH,=CaS+CO, + H,0 
CaS + CO, + H,0 - CaCO, + H^ 
Schweitzer says: 

This action ia so well eebiblished that in bottling waters c< 
acid and calcium sulphal« great care must be exercised not tt 
similar organic matter get into the bottlee, since in such case siilphuret«d hydrogen 
would be sure to make its appearance, 

Bischof* also notes the decomposition of alkaline and earthy 
sulphates hy carbonaceous substances, with the formation of sul- 
phides and hydrogen, sulphide, especially in mineral waters which 
have remained in corked bottles for some time. He hermeticaUy 
sealed several bottles of mineral waters, containing a notable quantity 
of sulphate of soda as well as iron in solution, to which he had added 
a small quantity of sugar. After standing three and one-half years 
there was complete reduction of the sulphate of soda, with the evolu- 
tion of hydrogen sulphide and deposition of a flocculent black 
powder which, as shown by analyses, "had nearly the composition 
of iron pyrites." 

Stutzer * uses reactions similar to the foregoing to account for the 
hydrogen sulphide which by oxidation has formed native sulphur 
deposits. 

Therefore, whether or not the sulphates of the metals are reducible 
by oi^anic matter, when the solutions containing sulphates come into 
contact with shales rich in decomposable organic matter there will 
be formed hydrogen sulphide, concerning the ability of which to pre- 
cipitate the metallic sulphides there is no question. 

The fact that charcoal reduces gold cyanide solution and pre- 
cipitates metallic gold has long been known, dennell ' says: 

No aatiafactory explanation of the reaction hae yet been given. It has been all^d 
to be due tJi occluded hydrogen, or hydrocarbons contained in the pores of the charcoal. 
The method has been used in several small plants in Victoria, Australia, on a working 

I Schweitzer, Paul, The mineral ivateis ot Ulssourl: Missouri Oeol. Surre;, lol. 3, pp. i, ID, 1893. 
< Hunt, T. SUtny, Chemical and gftologlcal essays, 2d ed., pp. 99, 230, ISTS. 

■ Bbohof, Oustav, Elemmls of chemical and physical geology (tianslated by B. U. Paul and I"- 
J. Ilninunand), vol. 1, pp. 16, IBS, IXHidon, Cavendish Society, 18£4. 
'Stataer, O., Diewlchllgsten Lsser^tatten der "Xlcht^Erit," p. 258, I9IL 
.■QemuU, J. E., The cyanide handbooli, p. 308, New Yort, 1910. 
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Recent work by Green ' indicates that the occluded gas chiefly 
affective in the reduction is carbon monoxide, with a minor quantity 
of hydrogen. It seems not unreasonable to conclude tiiat the 
precipitating action of carbonaceous shales on the ore solutions 
may be due in part to such occluded gases. Shales rich in carbona- 
ceous matter are laid down under conditions unfavorable to complete 
oxidation, and the gases mentioned may be among those formed and 
adsorbed by the shale. 

As has been [lointed out in the preceding pages, the sulphate is not 
the only form in which the sulphide of a metal is taken into solution 
and transported; in fact in the deeper circulation and in the ascending 
currents soluble forms like the bicarbonates, the zincatea, and the 
double sulphides tae believed to be relatively much more effective 
than the sulphates in removing the disseminated sulphides and trans- 
porting them to the surface. As deposits of the metaUic sulphides 
are common in the Joplin district in such relation to bodies of shale 
as to indicate that they were deposited from ascending solutions and 
were precipitated through influence of the shale, it becomes important 
to inquire bow the oi^anic matter of the shale may cause precipitation 
of sulphides. The reducing power of oigauic matter has, of course, 
been recognized and reactions have been written ' which involve the 
carbonates of the metals, the sulphates of the alkaline earths, and the 
cu'bon of organic matter, and indicate the precipitation of metallic 
sulphides, thus: 

ZnCX), + CaSO, + 2H,0 + 2C = ZnS + CaCO, + 2H,00, 
The changes involved in this reaction take place in three stages, 
thus: 

CaSO< + 2C=CaS + 2CO, 
CaS + <X), + H,0 = CaCX>, + H,S 
ZnCO, + H^ - ZnS + H,CO, 
It is thOTefore essentially a reduction of calcium sulphate by 
oiganic matter to obtain hydrogen sulphide for a precipitant of the 
zinc, with carbon dioxide as a by-product of the reaction. As has 
bem pointed out, an excess of carbon dioxide will hold zinc in solution 
in the presence of hydrogen sulphide. Since the lead and zinc 
bearing deep waters of the district, as shown by the analyses given 
on pi^es 124-140, are already carbonated and sulphureted, it is not 
probable that the sulphides will be precipitated from the deeper 
waters of the district by the foregoing reaction. 

'Qrero,Mon1*,ThBBBeclofch««oaIlngi>ld-b«aliigcyanlde»olutI<mawimr6l€«inoeloth8p™clpitatk«i 
dI gold; Inst. Uln. and Met. Trans., vol. 23, p. TT, 1914. 
> Janney, W. P., ThB chembtry ol W8 dopwitlon; Am. Inst. Mln. Eng. Trma., Tid. as, p. «(M918. 

84551°— Bull. 606—15—5 
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If, however, the reducing power of the organic matter he considered 
as applying directly to the zinc carbonate, the following reaction is 
very probably obtuned, CHj being used as a representative hydro- 
carbon: 

2ZnC0, + 2H,S + 2C = 2ZnS + CH, + 3C0, 

or with the bicarbonate thus: 

2Zn(HCO,) , + 2H,S + 3C - 2ZnS + CH. + 2H3O + SCO, 
and with the zincate thus : 

CaZnO, + 2H^ + 2C = ZnS + CaS + CH, + COj 
In case the zinc be carried os the sulphozincate, it does not appear 
that the organic matter of the shale will have any influence on the 
splitting up of the complex sulphide, that only happening when the 
excess of hydrogen sulphide and carbon dioxide escape at the surface. 

8OMHABT OF OHEMISTBT OF LEAD AND ZINO SOLUTIONS. 

It has been shown that the metals disseniinat«d as sulphides may 
be taken into solution and transported as sulphates, as chlorides, as 
sulphides and hydrosulphides, as zincates and sulphozincates, and as 
carbonates and bicarbonat«s. Anticipating a little, it may be 
stated at this point that the writer, while recognizing all these as 
possible forms of transportation, each of which has doubtless been 
effective at times, neverUieless beheves that the great mass of the 
ores has been transported as bicarbonates. He conceives that the 
meta\s, which were disseminated as sulphides through the limestones 
and dolomites, were taken into solution as bicarbonates by the 
alkaline-sahne water containing dissolved carbon dioxide, according 
to reactions like the following: 

ZnS + 2COs + 2H,0 = Zn{HCO,), + HjS 

This solution, incorporated into the artesian circulation, even- 
tually T03e to the surface, where the carbon dioxide escaped and the 
metak were again precipitated as sulphides by the equivalent of 
hydrogen sulphide resulting from their solution as bicarbonates 
and still remaining in the circulation. If the metals were in part 
carried in solution as double sulphides they, too, would be deposited 
on the escape of the hydrogen sulphide at the surface, or on ite being 
used up in the precipitation of the metals in solution as bicarbonates. 
SOUBCB OF THE lOiTALS. 

HETALS IN IGNEOUS SOCKS. 
aZBUI.TB OF CHZIOCAL AirAI.7SEB. 

Winslow' has adequately summarized the earUer investigations 
bearing on the occurrence of lead and zinc in igneous rocks, in sedi- 
m'ents (both shales and hmestones), and in sea water. In brief, lead 

' > WtDslow, ArUiui, Lead and itim depcalts: Hlssoiui Oeol. Sisve;, vol. 6, pp. 30.33, laH. 
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and zinc are found commonly in minute quantities in all these. Clarke 
and Steiger' give the lead and zinc content of a composite made up 
of 329 samples of igneous rocks which have been analysed in the 
United States Geological Survey's chemical laboratory, as follows: 

Lead ixnd one content of a eompotiu tampU o/i^neom roeka. 
IGeoige Steiger, analyst.] 

Kickel(Ni) 0.00616 

Aieenic (Ab) 00048 

Copper (Cu) 00932 

Le«d(Pb) 00075 

Zinc(Zn) ." 00513 

Clarke and Steiger' aay: 

In a seriee of 36 igneous and met&morphic rocks of British Guiana, Hairieon found a 
mean percentage of 0.025 copper. In 23 of his samples lead was also sought for, and 
detected in 5 of them, the maximum amount being 0.02 per cent. In a typical speci- 
men ofQie Columbia River basalt Wells found 0.034 of copper, and the same quantity 
was determined by Jensen in as andeeite from Fiji. In the porphyries of Leadville, 
Colo., Hillebrand was able to det«naine lead. Out of 18 samples, taken at points 
remote from ore bodiee, the average amount found waa 0.002 per cent of PbO. One 
poTphyiyalaoyieldedO.OOSper cent of zinc oxide, and a rhyolite contained 0.0043 per 
cent. 

Winslow' gives the results of the determination in duplicate of 
copper, lead, and zinc in four igneous rocks from southeastern 
Miasouri by J, D. Robertson, using large quantities of material. 
These figures are given in detail on page 78. 

Finlayson* gives the following determinations of the lead and zinc 
content of a nmnber of both igneous and sedimentary rocks of Great 
Britain. The large-quantity methods of Hillebrand and of Kobertson 
were used. 



Lead and sine content of igneoui and aedimentary rocks from Great Britain. 
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■Clarka, F. W., and Bt«lger, Qeo^e, The i«laUve abundance of aemra. 
Ac8d. Sol. Joor,, vol. 4, p. «0, 1914. 

'Wlnalow, Arthur, Lead and lino deposlta: Missouri Oeol, Sorrey, vol. 

■FinlaysoD, A. u., ProblBOU of ore deposition in ttka lead and ilnc re: 
LoidoD Quart. Jour., vol. 60, p. 301, 1010. 
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Finlayson* says: 

The foregoing anolyBes, like tboee of Luther Wagoner for gold and eilrer in tock 
at 8an Francisco,' show a higher percentage of met&la in the ^iieous than in the sedi- 
mentary rocks, si^geeting the conduBion that the metals in the later rocks have been 
derived by denudation from the older igneous and cryslalline rocks. 

That the igneous rocks are the ultimate source of the metals in 
generalj induding those disseminated through the limestones, will 
be generally admitted. 

80I.1TTI0K 07 TE 



The metals are included in the igneous rocks probably in part as 
small disseminated particles of the sulphides and probably in part 
as integral constituents of the minerals, chiefly silicates, which make 
up the rocks. The metala are freed from their environment mainly 
by the decomposition and erosion of the rocks, the sulphides of the 
metals being oxidized to the sulphates, which are easily soluble in 
the ground waters, and the siUcates of the metals being decomposed 
and taken into solution, principally as bicarbonates. The metais 
in the rocks below the inunediate surficial zone may be in part taken 
into solution by the ground water circulating in deeper Joints and 
crevices of the rocks, being transported chiefly as bicarbonates. 

The transfer of the metals by streams as sulphates may be indicated 
by the significant observations of Dr. E. H. S. Bailey* on the com- 
parative zinc and sulphate content of the water of Spring River in 
Missouri and Kansas at different stations above, in, and below the 
Joplin zinc and lead fields. 

The essential parts of the analyses made by Bailey are included in 
the following table : 

Partial analyaa of water of Spring River at place* in Mitiowri and Earuaa. 
[In parts per mCIlaii. E. H. B. Bailey, anal}^] 



Station and data. 


Caldom. 


Sulphate 


Ztoo. 


soUds. 
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7o:o 
72;o 


Undet. 
























Between stations 2 and 3 Shawnee Creek empties into Spring River 
from the northwest, draining an agricultural country. Between 



iptnlaysaa, A. H., op, dt. 

iWagocer, LuUur, Tbe det«ctiOD an< 
Eng. Trans., vol. 31, pp. 809-SlO, 1901. 

■ Bailey, E.H. S., Fr<e11nunaT7 report: on stream pojlni 
Ocol. Survey Wster-Supply Paper 373, pp. 349-361, IMl 
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stations 3 and 4 Shoal Creek enters from the east, carrying 67.2 parts 
calcium per million, 15.6 parts sulphate radicle (SOj), 11 parts zinc, 
and 198.8 parts total solids. The influence of the stretch of quiet 
water above the Lowell dam, between stations 2 and 4, on the total 
solids is recognizable, for thej decrease through that stretch. As a 
whole, the results are less convincing than they would be had the 
samples been taken consecutively downstream so as to insure nearly 
similar conditions for sampling. Determinations of zinc at stations 
1 and 5 would have added to the value of the data. 

Bailey says: ' 

Since the sine seems to diminiBh in quantity, the question arisee whether this 
diminution is due merely to dilution with waters of other streajna or to precipitation 
by calcium and magnesium carbonates in solution in the watar. As there still leroaina 
in the water at Lowell more SO, thail is found in the water in the upper part of the 
course of the stream, it would seem to indicate that much of the zinc had been precipi- 
tated, otherwise it would have increased proportionately with the Bulphatea. 

Bailey concludes that the zinc has been precipitated as the car- 
bonate by reaction with the calcium and magnesium bicarbonate in 
solution in the water thus : 

ZnSO. + Ca(H,CO,), = ZnCO, + CaSO, + H,0 + CO, 
Apparently the metal may take any one of four possible courses when 
zinc sulphate is added to stream water containing calcium bicarbonate 
in solution. It may continue in Bolution as the sulphate; it may be 
precipitated as the carbonate according to the foregoing reaction; it 
may react with the calcium bicarbonate and remain in solution as 
zinc bicarbonate; or it may be reduced from the sulphate and precip- 
itated as the sulphide by hydrogen sulphide in the stream. The very 
small quantity of sulphate radicle (SOJ at station 4, below the Lowell 
dam, seems to indicate that the reducing reaction last mentioned is 
notably effective in the stagnant water above the dam. Such zinc 
bicarbonate as is fonned will remain in solution unless the solution 
encounters hydrogen sulphide, in which case the zinc will be precip- 
itated as the sulphide. 

DEPOSITtOV OF DIB8SiaBA.TBO HSTAIA IS OOKAXIC SSSUCBVTB. 

DeposiHon in days and calcareous muds. — As the nature of sediments 
is determined by conditions in the drain^e basin fumisliing them, a 
sea in which carbonaceous shale and coal are being deposited wiU be 
bordered by low-lying land and will be fed by stj^ams laden with 
carbonaceous sediment. Zinc taken into solution as the sulphate 
from the oxidation of the sulphides and carried seaward by such 
streams stands the various chances of precipitation outlined above. 
Taken into solution and carried as the bicarbonate it may be precipi- 
tated by lowering the concentration of carbonate radicle (CO,) in the 
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water (not a probable contingency in such water) or by hydrogen 
sulphide, the supply of which, owing to the paucity of animal life in such 
waters and to their prevention of decay, ia likely to he small. The 
zinc bicarbonate in solution which is not precipitated either in the 
streama on the way to ihe sea or in the coal-depositing sea itself wiU 
be diffused through the sea until it reaches beyond the limits of 
deposition of the coal measures, where animal life and sulphur bac- 
teria are abundant and hydrogen sulphide is available for the pre- 
cipitation of the metal as sulphide, and it will thus be deposited in 
c^careous sediments. Hence zinc sulphate solutions stand many 
chances of deposition before reaching the sea, whereas zinc bicarbon- 
ate solutions will likely pass beyond the coal-measure sea and be 
deposited where limestones are being laid down. 

Streams contributing to a sea where limestones are being laid down 
adjacent to land will carry lime, magnesium, and carbonate radicle 
(COj) in excess, but will carry little carbonaceous matter. Much of 
the mineral matter carried by the stream will be taken into solution 
by the underground drainage and will be contributed to the surface 
streams by springs. Under these circumstances zinc and lead dis- 
seminated through the rocks as sulphides will be taken into solution 
as bicarbonates, as shown by Wells's experiments, described on a 
previous page, and will be carried out to sea, where precipitation as 
sulphide by the hydrc^en sulphide always present in sea water will be 
a natural consequence. 

Keasoning a priori we should conclude that among the sedimentary 
rocks the natural places of deposition of primary disseminations of 
lead and zinc are the limestones, and that the occurrence of such 
deposits should be less common among the carbonaceous sediments. 
Peter has pointed out (see p. 95) that the waters which carry zinc in 
Kentucky are principally those derived from the limestone formations 
of the Ordovician system. It is true that analyses show the presence 
of lead and zinc in carbonaceous sediments, as is indicat«d above and 
as has been shown for various shale formations of Europe by Dieule- 
fait, Bischof, and Sandbei^er. But disseminated lead and zinc in 
carbonaceous sediments that overlie limestones which contain lead 
and zinc and which are saturated by wat«r under artesian pressure 
can not be safely assumed to be of primary or sedigenetic origin, for 
the conditions indicated afford every facihty for the precipitation of 
the metals of ascending Solutions in the shale. 

Deposition in dolomitic muds. — It will be noted that the Cambrian 
and Ordovician limestones of the Ozark region, taken in this report 
to be the immediate source of the metals, are dolomitic. The Galena 
dolomite, according to Chamberlin, Van Hise, Bain, Gh-ant, and 
others, originally held in disseminated form the lead and 2dnc which 
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was later concentrated into the ore deposits of the upper Mississippi 
Valley r^on. The zinc deposits of the Arbuckle Mountains, Okla., 
are found in the dolomitic Arbuckle limestone. The east Tennessee 
deposits occur in the Knox dolomite and are beheved by Purdue to 
have been derived from that formation. The Virginia deposits are 
likewise believed by Watson to have been derived from disseminated 
lead and zinc in the dolomitic Shenandoah hmestone. The Ueber- 
roth, Saucon, and Hartman zone mines of Pennsylvania occur in mag- 
nesian limestone. So, too, many of the other deposits, which are 
later mentioned as occurring in the central valley of the United 
States are found in dolomitic limestone and are beheved to have 
been segregated from a minutely disseminated state in such hme- 
stones. Indeed, the association of ore deposits with dolomitic lime- 
stones has long been noted, and T. Sterry Hunt ' has offered this 
suggestion to explain the association: 

In the preceding Bectiona we have Buppoaed the waters mingling with the aolution 
of sulphate of magnesia to contain no other bicarbonate than that of lime; but bicar- 
bonate of iioda ie often present in large proportion in natural waters, and the addition 
of this salt to sea water or other eolutione containing chloridefl and sulphatea of lime 
and magnesia will, as we have shown, separate the lime as carbonate and give rise 
to liquids, which, without being concentrated brinee, as in the previous case, will 
contain sulphate of magnesia, but no lime salts. A further portion of bicarbonate of 
soda will produce bicarbonate of mi^eeia, by the evaporation of whose solutions, as 
before, hydrated carbonate of mi^esia would be deposit«d, mingled with the car- 
bonate of lime which accompanies the alkaline salt and, in the case of the waters of 
alkaline springs, with the compounds of iron, manganese, einc, nickel, lead, copper, 
arsenic, chrome, and other metals which spring of this kind still bring to the surface. 
In this way the metalliferous character of many dolomites is explained. 

KXTALS DUBEMIFATZD tV OCZAIHC SXDIMXHTB. 

There are several good analyses of deep-sea sediments that show 
their lead and zinc content. These consist of the analysis of manga- 
nese nodules collected by the Challenger * expedition, and the analyses 
made in the chemical laboratory of the United States Geological Sur- 
vey of composite samples of pelagic "red clay" and terrigenous "blue 
mud" collected by the Challenger expedition and reported by Clarke." 
To these should be added the analyses, cited by Clarke and Steiger,* 
of a composite sample of silt from the Mississippi Kiver delta. The 
analyses of the oceanic sediments which follow differ in their form 
of statement from those given by Clarke in that they present all the 
constituents found by the analysts, whereas Clarke rejected calcium 
carbonate, sea salts, etc., and recalcxilated to 100 per cent. 
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of H. U. B. Cliaaenfcr, Appendix 2, p. 422, ISSl. 

> Clarke, F. W., The data o[ geochemistry, Zd ed. ; U. S. Oeid. Survey Bull. 491, p. MO, 1911. 

' daike, F. W., and BMiger, Ocnge, The relative abundacce ot serenU metallio elements; Waihlngtan 
Acad. Bel. Jour., Tol. 4, p. M, IB14. 
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Aitalj/tei of deep-tea and delta depot U. 
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1. FeUglc led clikT; compoalte ol il aampjca. Oeoi^ BUIget, snal}^, 

2. UaiLEaiice« nodule; From dopth ot 2,37& ^thoma. John Oibson, aualjst- 

3. Tangenous blue mud; composlM ol S2 samplca. Oeoree SUlger, analyst. 

4. Hl^sippl delta mud; composite ol 235 gunplv. OflOrge St^er, analyst. 

The analyses just given show that definitely measurable quantities 
of lead and zinc occur in both the terrigenous and the pelagic deposits 
of the ocean. As each of the analyses of the oceanic sediment repre- 
sents a composite of over 50 samples, taken from widely separated 
places, they may be safely used to obtain some notion of the total 
quantity of these metab in the deep-sea sediments. According to the 
Challenger reports, the area of terrigenous "blue mud" is 14,500,000 
square miles and the area of the pelagic "red clay" is 51,500,000 
square miles. Seelheim's experiments on the porosity of the sedi- 
ment from an emulsion of fine clay and water are summarized by 
Kin g ' as follows ; 



" hflH shown that when tin emiibibn of fine clay and water is allowed to 
stand quietly for Bome time under conditions where no jarring can take place tie 
clay eobsideH, aflsuraLng a stratified condition, but containing a large amount of water. 



' King, F. H., Principles and came 
teenth Ann. Kept., pt. 2, p, 78, ISM. 

) Saelhelm, ¥., UeChode. 
19, p. 387, 1880. 
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He found where no jairing took place that the upper layen contained more water 
tl^an the lower once, the proportion being 1 volume of clay to 3.84 volumes of irat«r 
is t]ie upper strata and 1 volume of clay to 1.78 volumes of water in the lower strata. 
That is to say, in the loosest settling 79.34 per cent of the volume of the sediment was 
water and in the closer packing there was still 64.03 per cent of pore space. 

Where the settling was allowed to take place under frequent jarrings Seelheim 
secured a uniform teiture throughout and greater compactness, but there was still a 
pore space of 54.54 per cent. He further showed that there was no sensible reduction 
of pore space when the sedimentation was caused to take place under a pressure of 
102 feet of water instead of a few feet. Further than this, there is no reason to sup- 
pose that the pore space of sediments laid down under water will not be filled very 
la^ly with the water in which they are deposited. 

It will apparently be safe, therefore, to assume an average porosity 
of 50 per cent for sediments like the red clay and the blue mud; and 
this assum^ption has practically been made by Stabler/ who takes 
85 pounds as the average weight of a cubic foot of reservoir sedi- 
ment, whereas if these sediments are compacted under high pres- 
sure into the form of rock matter they weigh 165 pounds to the 
cubic foot. Though 85 poimds is undoubtedly too high a figure for 
the surface layers of the sediments, the greater compaction in the 
lower layers will doubtless raise the average to or above the figure 
chosen by Stabler, who based his assumption on the experimental 
work whose results are published by the United States Qeol<^cal 
Survey and the United States Reclamation Service. At 85 pounds 
to the cubic foot, a square mile of the sediment 1 foot thick would 
weigh 1,184,832 short tons. Multiplying by the percentage of zinc 
and lead in each deposit and by the area of each class, we get 
2,000,000,000 short tons of zinc and 4,000,000,000 short tons of lead 
in the red clay 1 foot deep over its total area and 1,200,000,000 
tons of zinc and 64,000,000 tons of lead in 1 foot of blue mud over 
its total area. 

So far the calculations have been based upon reasonably accurate 
data. If, now, we wish to arrive at some conception of the total 
lead and zinc locked up in the pelagic and terrigenous deposits of 
the sea, it is necessary to make estimates as to the depth of the 
sediments. The red day is made up of meteoric particles, volcanic 
and other terrestrial dusts, chemical sediments, and remains of 
pelagic life; but as the latter were primarily derived from nuneral 
matter carried in solution in the sea water they will, in the estimates 
given below, he included with the chranical sediments. The blue 
mud includes not only the material enumerated above, but also 
detrital material carried out from the land areas. Basing his esti- 
mates on the averse composition and total volume of river waters 
dischwrged into the sea and assuming 83,472,000 years as the period 
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of sedimentation, Clarke ' givee 191 feet as the thicknees of ihe cbera- 
ical sediments, the red-clay area being excluded, since chemical 
precipitation is regarded as insignificant in that area. For tlie 
mechanical sedimenta or silts Clarke g^ves an estimated thickness 
of 650 feet, making a thickness of, say, 750 feet for the terrigenous 
deposits of these two classes. To this estimate an addition should 
be made for the terreetiial and meteoric duste. Perhaps 50 feet will 
be a fair figure for the addition from these sources, which would give 
800 feet as an estimate of the total thickness of the terrestrial sediments. 
Murray ' gives the following as the average composition of the 
red clay and the blue mud : 

Aiiemge oomponCton of red diqr and Mue mvd. 
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The larger percentage of "fine washings" (decomposed and uni- 
dentifiable minerals, consisting lai^ely of fine clay or silicate of 
alumina) in the red clay testifies to its dow accumulation, which givw 
limeformineral decomposition, and thelarger percentage of "minerab" 
(undecomposed volcanic material) in the blue mud is evidence of its 
more rapid accumulation. The percentage of red clay composed 
of remains of oi^anisms, both lime carbonate and siUceous (9.09 
per cent), as compared with the percentage of such remains in the 
blue mud (15.75 per c^it) is to be interpreted as due to slower accu- 
mulation in the red clay of the rranains of pelagic oi^;anisms rather 
than faster accumulation of the inorganic material, for the percent- 
age of lime carbonate in the red day decreases very rapidly bebw 
2,200 fathoms, owing to greater solution of the calcareous tests in 
falhng through greater depths of the sea water. Apparently, there- 
fore, nothing in the comparative mechanical analyses of the red clay 
and the blue mud wUl serve to give a workable estimate of their 
relative rates of deposition. 

The only observations bearing on the rate of deposition of mate- 
rials on the sea floor are those of Peake, quoted by Murray.* A 
tel^raph cable raised from a depth of 2,000 fathoms was found to 

1 Clads, F. W., Some geachsmloal abitfMks: Am. PbiliH. fioo. Pnio., vnl. 51, p, 3»a, Iflia. 

'MufiBj, Jolm.anilHenard, A, F.,Db8p^«i depinHa: Voyage otH.U. S. (7ial[iivs',pp. III7,IS,18n. 

■ Mum;, iDlm, and H]ort, iciuin, The depths ot the ocean, pp. 100-170, London, IBIS. 
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be covered with Globigerina ooze sfter having lain 13 years. It waa 
cooduded that ooze equal to the thickness of the cable (1 inch) had 
been, deposited in about 10 years. Afisuming, with Clarke, that 
deposition has been going on for 83,472,000 years, and, with Seel- 
heim, that the compacted layeiB would be more than twice as dense 
as the upper Inch, we should get a depth of Globigerina ooze of 
approximately 300,000 feet, which is manifestly excessive, either 
for general or for local pelagic sedimentation. 

Another line of observation offers some clue to the relative rate 
of deposition of the fed clay and the blue mud, as well as of the 
Globigerina ooze. Murray says:* 

Magnetic or cosmic sphemlee were found in greatest abundaiice in the red clays 
of Oie central and southern Pacific; in ehort, in the deepeet water, at points far- 
Qieet removed from continental mawea of land. When the magnetic particles are 
exbacted from about a quart of the clay from these regions, it is usual to observe 
ajDong theee between 20 and 30 of the small black spherules, with or without metallic 
nuclei, and 5 or 6 of the brown magnetic spherules with crystalline structure. 

Again, if a quart of Globigerina ooze, pteropod ooze, diatom ooze, blue mud, or 
other terrigenoua deposit, be examined in the aune way as a red clay or radiolarian 
ooze from the deep region of the central Pacific, as a general rule no, or at most only 
one or two, magnetic spherules will be observed among the magnetic particles. 

As the rain of cosmic or meteoric spherules must be practically the 
same over all parts of the sea as well as on the land, it would appai^ 
eiitly follow from the forgoing that the deposition of the blue mud, 
etc., goes on 15 to 20 times as rapidly as the deposition of the red clay. 
If, therefore, the assumption of 800 feet, based on Clarke's calcula^ 
tions for the thickness of the terrigenous deposits, be good, the rate of 
deposition of the red day would indicate for it a thickness between 
40 and 50 feet. 

If we bear in mind Clarke's estimate of approximately 200 feet for 
the depth of chemical sedimentation in the terrigenous area, as well 
as the evidently much slower accumulation of chemical sediments in 
the pelagic area, and if we remember further that over 90 per cent 
of the red day consists of minerab and fine day resulting from the 
decomposition of meteoric and terrestrial dust, it seems likdy that 
the contributions of dust partides would make up in good part for 
the deficiency of chemical sediments, and that 100 feet may be a 
reasonable mirtimum estimate of the thickness of the red day. This 
estimate may be compared with the anonymous estimate of 500 feet 
quoted by Lane.^ 

Accepting these estimates of 800 feet thickness for the blue mud 
and 100 feet for the red day and applying them to the total lead and 
zinc in 1 foot thickness of those deposits, we get approximately 
400,000,000,000 short tons of lead and 200,000,000,000 tons of zinc 
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in the red day and 51,000,000,000 tons of lead and 9,600,000,000,000 
tons of zinc in the blue mud, a staggering total of 451,000,000,000 
tons of lead and 9,800,000,000,000 tons of zinc in two classes of 
sediments covering about half the area of the deep-sea deposits. 
Without doubt similar composite analjfBes of the other classes 
of terrigenous deposits would show that they too contain analo- 
gous quantities of the metals. 'Hiese figures, of course, ore mere 
approximations and, like Clarke's estimates of the thickness of 
the terrigenous clays, represent orders of magnitude only. Hieir 
usefulness consists in forcing the realization ^hat the sediments are 
great storehouses of the metals. 

OBionr 07 THz UTiiA nr tki ocbakic bbdimzvts. 

It is pertinent to inquire as to the source of the metals in tiie 
oceanic deposits, Mmray beheves that the greater part of the 
pelade red clay is material of volcanic or meteoric origin, consisting 
of dust which has been carried out to sea, and that comparatively 
little of it is water-borne sediment or has been derived by chemical 
precipitation from the sea. Under this conception the inference 
would be that the metals had their source in the volcanic and meteoric 
dusts, and this contusion is drawn by Murray.' This ori^ may be 
true for the red clay; but it seems to the writer that the 'total per- 
cent^e of arsenic, nickel, cobalt, copper, lead, and zinc in the red 
day (0.0637 per cent) as compared with the total percentage of these 
metals (0.0981 per cent) in the blue mud (which is unquestionably 
in large part of dastic origin and was derived from the land masses 
and in which the volcanic and meteoric contributions have been 
much diluted by the water-borne clastic sediments) shows that the 
metalliferous constituents have been added in a quantity greater 
than that of the clastic material. Hence we must condude either 
that the water-borne clastic material is more than equally metal 
bearing with the volcanic and meteoric material, or that the two kinds 
of sediments, derived from diverse sources and holding reasonably 
similar quantities of the met^s, have had those metals added in part 
at least from a third source — that is, the sea. The latter alternative 
is rendered plausible by the known presence of zinc and lead in sea 
water at different fJaces, in corals, in the ashes of seaweed, and 
lastly in the manganese nodules, the analysis of which is cited above. 
This alternative is further strengthened by the fact that the analysis 
of a composite sample of silt from the Mississippi Delta (see p. 72), 
mud derived from a drain^e basin producing fully half the lead and 
zinc of the United States, shows that mud to contain only one-half 
as much lead and one-eighth as much zinc as the terrigenous blue 
mud deposited at great distances from the land. These observations 

'Uumj, Jalm,uiilBeiiard,A. F., D«^aaadqwsits:V(iy%eoin. M. 8, CMInver, p. 377, isn. 
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tire in accord with the conclusions of Luther Wagoner/ who, in study- 
ing deep-sea dredgings, found that "The general result of the assays 
indicates that the bed of the Atlantic, whether coastal or pelagic, 
carries appreciable amounts of gold and silver, and that the deep^ea 
bottom ia relatively richer in gold than that nearer the shore line." 
The metals, therefore, seem to be transported in solution and not as 
integral parts of the silt. Moreover, the carbonaceous silts do not 
eeem to be effective as precipitants of the metals. 

Murray* siiggests that the colloidal character of the clay particle 
enables it to attract to and incorporate with itself fine particles of 
other substances, a phenomenon which we now recognize as adsorp- 
tion. Sullivan' has shown that the natural silicates precipitate the 
metals from solutions of salts by interchange of bases, a process in 
which adsorption plays little if any part. Murray and Irvine* 
conclude: 

That wherever oTg&nic matter ia in proceaa o£ decompoaition in sea water, a redue- 
tion of the sulj^ui salts of tb« alfcaliee and alkatiiie eartha contained therein takee 
place, with the result that the alkalinity of the wat^- is increaaed. 

That when the above reaction takes place in the wat«r at the bottom, or aasociated 
with the de3»aeit on tb« bottom, a pwtbn, and eometimee all, of the eulphur in the 
eea-water salts is ramoved and deposited aa Hulphide of inm, thua giving the characte> 
istic blue-black color to the terrigenouB depoeite known as blue muda. 

The sea, as we have seen, contains in solution copper, lead, zinc, 
and other metals which may be abstracted from the water and 
deposited with the sediments by the above-mentioned or analogous 
processes. The terrigenous deposits contain nearly as high a per- 
centage of clayey material as do the pelagic deposits, and about 
twice as h^h a percentage of organic remains as the pelagic deposits. 
The heavier percentage of the metals in the blue mud is thus easily 
accounted for. 

METAl^ DISSEMINATED IN THE BOCKS OF THE REQION. 

MetcU conieni of the Arckean ro<^ of Missouri. — ^The analyses by 
Robertson, cited below, which were made on unusually large quan- 
tities of material, show that the pre-Cambrian crystalline rocks of 
the St, Francis Mountains contain notable percentages of lead, zinc, 
and copper. The ore body at the Einstein silver mine, as described 
by Winslow,* was a true vem associated with basic dikes in the 

1 tVagona, Luther, The prcBaoce of gold and sUvn in detp^ca dredgings; Am. Inat. Uln. Eng. Traos,, 
TOl. 3», p. 706, 1908. 

>IfmTB7, John, and Renard, A. F,, Dmp-sw dqnaita: Voyage of E. M. 8. ChaOaiter, lootDOta, 
p. lee, 18B1. 

•SnlliTaD, E. C, The talfnotioa batweai mlnenls and w*t«r solutiona, irlth special ceferanae to 
geologic pbenomem: U. 8. Oeol. Surref BuU. 313, pp. 3T-M, 1907. 

* UuTTBj, John, and Irvioe, Babert, On the chemical changBs which take place la the composition of sea 
WBttr associated with blue muds on the floor ol the ocean: Roj. Soc. Edinburgh Trans., toI. 3T, p. 500, 



>Wtnslaw, Arthur, Lead and ilnc deposits: Ulasouil Oeol. Survey, vol. 7, pp. 701-702, II 



.DOgIc 



78 ZINO AND LEAD DEPOSITS OF THE JOPLtN BBQIOK. 

Archeao gramte and carried aj^entiferous galena. Buckley' cites 
other veins Bhowing lead and zinc in the crystalline area. 

Metal cOTitait ofArdiean rodu." 
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Metal amteTii of (he Cambrian and Ordovician dolomitea. — The Cam- 
hrian ajid Ordovician dolomites of the Ozark region also contain lead 
and zinc in meaaurable quantities, according to the following analyses 
by Robertson: 
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A series of limestones from Iowa was analyzed by Dr. J. B, Weems,' 
who used the large-quantity methods of Robertson, with the results 
given in the following table : 
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MettU content of limabmei and dolomitet in Iowa. 

[7. B. Wmeds, anolyat.] 
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Mettd ayntent of the Afis»issippian limestones. — ^The Mississippian 
limestoaee, when analyzed by the large-quantity methods of Robert- 
son, show appreciable quantities of copper, lead, and zinc. 

Metal content of Mitiittippian limeiUmei in iftMouri.^ 

[J. n. Sobcrlaon, uib1;s1.) 
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Meidl aynterd of the Pennsylvanian shales. — Chemical analyses have 
been recently cited * to show that carbonaceous shales of Pennayl- 
vanian age in Missouri and of Ordovician (Maquoketa) age in the 
upper Mississippi Valley region carry lead and zinc in measurable 
quantities aa an original constituent of the shale. At most of the 
places cited, however, the close association of these disseminations 
with deposits plainly of later origin and their proximity to the base 
of the diale formation, t<^ether with the difficulty of distinguishing 

I Buckley, E. R., 0«ol<«y of tbe dl9s«iiijnat«d l«ad deposits at St. Francois and WaahingbiD oouatice; 
Ulssonri But. Oeology and Mines, vol. a,p, 221,1901}. Cox, O. H.,Th8arlglno(tlisleBdBiidtineomaf the 
upp« UbBbs^l Vallay dlatrlot; EcDD. Oealogy, vol. B, p. 587, ISll. 
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such minute later deposits of lead and zinc in a dark substance, like 
carbonaceous shale, do not incline one to view these disseminstions 
as examples of sedigenetic deposits. Considerations that affect the 
transportation for long distances of lead and zinc in water carrying 
carbonaceous matter and increase the probahihty that these deposits 
are seooDdary have been discussed on pages 69-70. 

It is possible that analyses, similar to Robertson's, of the shales 
of Fennsylvfuiian age around the border of the uphft would yield 
appreciable quantities of the metals. If inveatigation should prove 
the general presence of the metals in these shales it seems safe to 
suppose that the more resistant sulphides of copper, nickel, cobalt, 
and iron will compose a much lai^er percentage of the total in these 
rocks than in the limestones. The more resistant sulphides are last 
to be taken into solution, as has been shown on page 44. As the 
Fennsylvanian shales were laid down over nearly all the dome, it 
seems likely that the ciystalline roc^ were the only available source 
of metals. As these rocks were in preceding periods leached of their 
more soluble metals and furnished the metal content of the Cambrian, 
Ordovician, and Mississippian rocks, it seems only reasonable to 
suppose, that we should find that in the Fennsylvanian shales the 
more resistant sulphides exceed in amount the less resistant sul- 
phides, or at least that we should find them in greater proportion 
in these than in the earlier sediments. It is interesting to note in 
this connection that a single qualitative analysis of Fennsylvanian 
shale from the Sullivan mine shaft at Miami, Okla., made in the 
chemical laboratory of the United States Geological Survey by E. C. 
Sullivan, determined the presence not only of a small quantity of 
zinc but of an even larger quantity of nickel. 

Comparison of the m^tal amteni of different rocfcs.— The locahties 
from which the samples came, the care used in sampling, and the 
special methods of analysis are described in the volume of the Mis- 
souri Geological Survey cited in connection with the analyses. Some 
of the samples were collected at considerable distances from known 
bodies of ore and a few from points entirely outside the mining 
districts. 

Though the large-quantity analyses do not show the iron content 
of the Archean crystalline rocks or of the limestones, it is certain that 
both classes of rocks contain much more iron than copper, lead, or 
zinc. It should be remembered that the crystalline rocks contain 
the famous deposits of Iron Mountain and Pilot Knob. 

The average zinc, lead, and copper content, as shown by the 
analyses of the crystalline rocks of the Cambrian and Ordovician 
dolomites and of the Mississippian limestones of Missouri, as well as 
the ratios of the metals to each other in each of the different groups 
of rocks named, is a matter of much interest. The lai^e-quantity 
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analyses of Robertsoa, quoted below, show that on the average the 
total content of zinc, lead, and copper in the ciyatalline rocks is 
almost three times as large as in the Gunbrian and Ordorician dolo- 
mites, and nearly five times as lai^e as that in the Mississippian 
limestones. Zinc is on the avfO'age more than twice aa plentiful in 
the crystalline rocks as in the Gam.briaii and Ordovician dolomites 
and nearly nine times as plentiful as in the Mississippian limestones. 
Lead is on the average more than four times as plentiful in the 
crystalline rocks as it is in the Cambrian and Ordovician dolomites 
and not quite four times as plentiful as in the Mississippian lime- 
stones. Copper is on the average almost five times as plentiful in 
the crystaUine rocks as in the Cambrian and Ordovician dolomites, 
but hardly three times as plentiful as in the Mississippian limestones. 
In the crystalline rocks there is on the average less than half as 
much lead aa zinc and about two-thirds as much copper as zinc 
In the Cambrian and Ordovician dolomites there is a httle less than 
one-fourth as much lead aa zinc and a Uttle less than one-third as 
much copper as zinc. In the Mississippian limestones there is on the 
average one-tenth more lead than zinc and eight-tenths more copper 
than zinc. These variations in the metal content of the rocks are 
strictly consistent, as will be shown later, if we assume that the 
metals were originally disseminated in the crystalline rocks and were 
dissolved, carried out to sea, and deposited in disseminated form in 
the limestones forming at the bottom of the sea in different geologic 
periods. 

OONCLUBIONS. 

As pointed out in the precedii^ pages, it ia not maintauied in this 
paper that all the zmc and lead in the Ozark deposits came originally 
from the igneous rocks of the St. Francis Mountains, but it is held 
that so far as the present s^regation is concerned the metals were 
derived from the . Cambrian and Ordovician limestones. The' St. 
Francis Mountains doubtless contributed to the metal content of 
these limestones as well as to the other sediments found on the sea 
floor about the pre-Cambrian uplift, but, as indicated in the discus- 
sion of the origin of the metals in the deep-sea sediments (pp. 76-77), it 
ia thought that a notable portion of the metal content of the Cambrian 
and Ordovician limestones as well as of the other sediments was 
contributed directly by the sea water itself. 

TEE OSB SOIiTTTIONS. 

SOLUTIONS IN OENERAI.. 

The properties of liquid solutions are continuous fimctions of their 
composition, calculated in terms of the pure substances of which 
they are composed. * * * Any solution is therefore completely 
84601°— BnlL 606— IB 6 
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characterized by stating the nature and proportion of the pare 
substances of which it is composed or into which it can be separated.' 

The properties of a dilate salt solution ore thus d^endent upon 
those of its resulting free ions rather than on the properties of the 
dissolved salt as such. * * * The properties of salts in solution 
are merely the sum of the propertiee of their ions.' 

The wtitw holds that the ore deposits of the Joplin region were 
precipitated from waters ascending under artesian pressure at or 
near the locality of deposition and that those waters were similar to 
waters now rising imder similar conditions or in artesian wells in 
contiguous territory to the west. In order that these waters of the 
contiguous area may be easily studied fmd compared with the waters 
of the Joplin region and with the zinc-bearing waters of other regions 
it is desirable that their quantitatlTe analyses be reduced to some 
system whereby their composition and properties ihay be readily 
interpreted. Such a system, based on the general principles stated 
by Ostwald and quoted above, has been used by Stabler* and has 
been developed more fully by Chase Palmer. This system can best 
be briefly explained by quotations and summaries made from matter 
presented by the author last mentioned. For a fuller discussion of 
the subject the reader is referred to the publications cited. 

OEOCHEUIOAL INTEBPRBTATION OF WATER ANALTSBS.^ 

TerKetrial waters are essentially solutioDB of a few eolte, and their chemical char- 
acter, like that of solutions in general, depends on the nature and proportion of the 
Hubetances they contain. The intcrprBtation of the chemical character of a water 
from the results of analysia ia necesBarily uncertain and unsatisfactory if it is based 
merely on the amounts of the radicles detennined. In analytical chemistry, as in 
other braaches of the science, the chemist coneiderB the inherent properties of the 
radicles of mibetances, and hence his statement of the results of a water analysis should 
be framed in accordance with the chemical nature and the proportional amounts of 
the ladicles determined in a solution of mixed salts. There is no lack of information 
concerning the amounts of the various materials dissolved in natural waters and the 
mutual relations of their parte. What the chemist especially needs is a form of state- 
ment that will adequately express these relations and disclose the true proportdcms 
of the radicles. » • ■• 

Two forme of stating the amounts of mineral materials dissolved in water have been 
widely used. • * • 

Theolderform, which represents the radicles as grouped together in arbitrary com- 
binations, has by no means lost alt adherents. It seems to be held in especial favor 
by the engineer because it gives the amount of dissolved material in terms which 
enable h '*" (o determine the conespondii^ amounts of substances necessary to fit a 
water for special industrial uses. The geott^st, however, long ago realized that this 

1 Oatwald, W., The tuodunoitid prhidpla ot chemlatr;, pp. 97, IID, 1W». 

> OBtvBld, W., The scleatiac rouudatioas ol aoBljtical diamlatiy, p. SI, 1908. 

• Stabler, Herman, Some stream vat«n ol (he wceMm United StaCeo, with chapters on sadlmail oirM 
b; the Rio aiande and the Industrlsl applkathm ot vsl«r malyHs: U. 8. QtnL Surrey Walcc-SiQ^lT 
Paper 271, pp. 165-181, 1911. 

1 Palmer, Chan, The geochemlcBl biterpretoUini of VBtar uudrees: U. B. QeOL Sumy BnlL *T», pp- 
8-12,1911. 
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form of expFSBBiiig the chemical cbaiacter of a water ie inadequate to the exacting 
demaiidBof leeeoivhajidhaaiesorted tothe form of statement in which the amountsc^ 
tlie rodiclea deteimined are given as independent unite. In other words, he has prac- 
tically abandoned a f<Hm of chemical expreeeion and has adopted instead aetatement 
of physical results. Chemical literature fumieheB abundant evidence that thestate^ 
ment of water analyses in a form which does not recogniee the proportional reaction 
capacity of the radicles fails to show the chemical charactra of the waters. Wateia 
differing widely in character may be grouped together aa similai if the classification 
is based on the preponderance of any radicle that may be considered as dominant in 
a solution of salts or on the apparent j»«doniinaiice of two or more rodScles selected 
merely because they contribute largely to the wei^t of the mixture. Such clasaifi- 
catious may be intereatdng from eeveial points of view, but they are unieliable guides 
bD the solution of geologic problems involving chemical proceBses. Furthermore, 
chemists whose attention is fixed on the physical weights of the mdicles, which ore 
assumed bi be tree and independent, may easily fail to observe important focts con- 
ceming the chemical choiacter of waters, especially facts relating te geology. 

One advantage of the ionic form of stating water analyses is that it assigns weighte 
directly to the chemically active parts of the dissolved substances instead of using 
those parts to build imaginary structures. The statement of the amounts of the radi- 
cles, however, indicates only the chemical composition of a water, not its character, 
for the physical we^ht of a radicle is no criterion of its chemical value in a system of dis- 
solved salts such as existsin water. On theother hand, if the radicles ore considered 
not as matter subject only to the law of gravitation, but rather as individuals acting 
together under the law of equivalent combining weights, contributing their propor- 
tional shares to the final balance of the system, the meaning of the results of a mineral 
imalysiB of water can be expressed clearly and precjaely. 

The reaction capodtieB of the radicles of the salts dissolved in water are the quo- 
tients obtained by dividing the weight of each radicle by its corresponding equivalent 
combining weight, or by multiplying by the reciprocal of its equivalent combining 
weight. • • * 

The weights of the radicles have thus been resolved to values which are chemically 
measurable by a common standard. The unit of measurement is the milligram of 
hydrt^en, in conformity with the international acceptance of hydrogen as the stand- 
ard of reaction capacity. • • * As "niilUgram equivalents" chemists have long 
used reacting values to determine the accuracy of analyses. 

To compare accurately two analyses expressed in reacting values 
they should be reduced to the same d^ree of concentration, that ia, 
of dilution. This is readily accomplished "by expressing the reacting 
values of each radicle as a percent^e of the sum total of the reacting 
value of aH. radicles. 

PBOPEBTIES OF NATDBAL WATEBS. 

Neariy all terrestrial waters have two general properties, salinity and alkalinity, on 
whose relative proportions their fundamental chaiactere depend. Salinity is caused 
by salts that are not hydrolyzed; alkalinity is attributed to free alkaline bases pro- 
duced by the hydrolytic action of water on solutions of bicarbonates and on solutions 
of salts of other weak acids. 

All the positive radicles, including hydrogen, may participate in producing salinity; 
but of the D^ative radicles only those of the actively strong acids can perform a sim- 
ilar function. Likewise all the positive radicles may participate in producing alka>- 
linity; but of the n^ative radicles only those of the weaker acids may participate. 
The principal strong acids in natural waters are represented by the su^hatea. 
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chlorides, and nitiMes. The principal yreak adds in Buch watwe are indicated by 
the cart>onates, aulphidee, phosphatee, etc. Since salinity depends on the combined 
activity of equal values of both positive and n^ative radicles, and since its degree is 
limited only by the reacting values of the strong acids, the full value of salinity is 
obtained by multiplying the total value of the stiong acid radicles by 2. 

The full value of alkalinity and at the same time due rect^nition of the parent 
substances which are the source of alkalinity can be obtained by doubling the vsJuee 
of the bases in excessof the values of the strong acids. 

The positive radicles (bases] detemnned in a water analysiH, in accordance with 
their properties, fall naturally into three groups, as follows: 

[Primary bases.] Alkalies. 

[Secondary bases.] Earths or alkaline earths. 

[Tertiary bases.] Metals, including hydn^en. 

The groups of positive radicles are measured by the sum of the reacting values of 
their members, and in accordance with the prevalence of the rettcting values of the 
groups of positive radicles in the system, these special properties are possible, .namely ; 

1. Primary salinity; that is, salinity not to exceed twice the sum of the reacting 
values of the radicles of the alkalies [or primary bBses], 

2. Secondary salinity; that is, the sicess (if any) of salinity over primary salinity 
not to exceed twice the sum of the reacting values of the 'radicles of the alkaline 
earths [or secondary bases]. 

3. Tertiary salinity; that is, the excess (if any) of salinity over primary and sec- 
ondary salinity. 

4. Primary alkalinity; that is, the excess (if any) of twice the sum of the leactii^ 
values of the atkslies [primary bases] over salinity. 

5. Secondary alkalinity; that is, the excess (if any) of twice the sum of the reacting 
values of the radicles of the alkaline earths [secondary bases) over secondary alka- 

Palmer ' has recently restated somewhat more concisely the con- 
clusions stated in the second pfu-sgraph under the heading ""Prop- 
erties of natural waters," as follows: 

All the radicles of the alkalies and alkaline earths tend to form alka^ne solutions, 
but only the strong acid radicles (sulphate, chloride, nitrate) can overcome this 
tendency and render an alkaline solution neutral oi saline. The sum of the reacting 
values of the strong acid radicles is therefore a measure of the salinity (saltness) of a 
natural water which is a solution of salts of strong and weak acids. The sum of the 
reacting values oi the metallic radicles in excess of the values of the strong acids is 
a measure of the alkalinity of a water. 

In considering the analyses here given it is found that in six 
waters, the miner^ content of which was probahly derived in part 
from the oxidation of metallic sulphides, there is an excess of the 
positive radicles of the primary, secondary, and tertiary groups over 
the radicles of the strong acids, an excess which is balanced by 
radicles of the weaker acids. The resulting property has been called 
"subalkalinity" by Stabler, or, in consonance with the terms used 

1 Palmer, Cban, The ^ocbemktd Intarpratatlon of water uulrna: U.S. Oeol. Bnrrar Boll. 4n, pp. 
11-12, 1911. 

■ Stepbaisoa, L. W., A deep well at ChulestoD, 8, C, with a report on the minonlog; ot tba wsta bf 
Chase Palmer: U. S. Oeol. Surrey FroL Paper SO, p. 93, ISIL 



GENESIS OP THE 0BE8. 85 

above, it may be called "tertiary alkalinity, " that is, the excess (if 
any) of twice the sum of the reacting values of the radicles of the 
metaJs [or tertiary bases] over the tertiary salinity. 

The character of natural waters with reference * * * to their stJvent action on 
mmerals with which tJiey ma.y come in contact, to sedimentary deposits that they 
are likely 1« form, * ■ * and to their chemical action in general can best be 
portrayed by a statement of as many of the ■ * * Bi>eclal properties above mea- 
doned as may be found, ezpreesed in percentages of their totality,' 

If natural waters, which are dilute solutions of mixed salts, are 
regarded as homogeneous substances, then their inert or feebly active 
constituents, such as free carbon dioxide, free hydrogen sulphide, 
and colloids, may be considered as a:Cceesories not involved in the 
activities of the solution, upon which they are simply superimposed; 
hence they may be excluded from the percentage characterization 
of the water; and in the following interpretations of analyses of 
waters they have been so excluded. 

Palmer ' has given the reaction coefficienta of a number of the 
more common bases and radicles in natural waters; he has shown in 
the tables a convenient method of setting down the reacting values 
and their percentage calculations; and he has also shown the geo- 
chemical interpretation of the waters by representing the properties 
of the radicles and bases grouped as percentage of primary, secondary, 
or tertiary alkalinity or salinity. In the accompanying tables of 
ftnalyses, this plan, somewhat abbreviated, has been followed. The 
analyses are grouped by State and comitry of origin of the water, 
but each analj^ bears its serial number in the synoptical chart, by 
which it may also be easily identified in the list of localities. 

ACWTTY, ITEUTRAUTT, AND ALKALXSTTY OF WATBBS. 

Many chemical reactions turn upon the acidity or alkalinity of the 
solution, and in ore deposition certain minerals characterize deposits 
made by acid ore solutions and a different set of minerals characterizes 
deposits made by neutral or alkaline ore solutions. DUute solutions 
that are nearly neutral and that contain alkaline-earthy carbonates 
and are in contact with air containing carbon dioxide, may at different 
times be slightly acid, neutral, or slightly alkaline, their character 
varying with vaiiations in the temperature, in the pressure of carbon 
dioxide, and other conditions. The acidity or alkalinity is usu(dly 
ascertained by adding to the solution certain organic substances 
called indicators, which assiuue one color in acid solutions and a 
markedly different color in alkaline solutions. 

■Palmer, Chase, Thtgeachemksllntcrpietatlonol water analyses: U.S.O«oL Survey Bull, 479, p. II, ISn. 
'Idem, pp. 8,8, 11, and 11, 
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The difficulties in determining acidity or alkalinity by metuiB of 
indicators have been recently set forth by Walker and Kay, ' by 
Washburn,' and by Moir.' The following quotation is from Walker 
and Kay: 

Natiml wateis may be &cid, neutral, or alkaline acctmling to the substances wbicli 
are diawlved in them. The acidity or alkalinity of wat«T ia usually determined by 
means of an indicator, but since different indicators yield difierent results, and as 
the selection of an indicator is largely a matter of individual habit, it not infrequently 
happens that one and the same sample of water is reported as acid by one analyst 
and as alkaline by another. * • • 

Neulrality, acidUy, and alhiKnity. — The properties which we include und(»' the 
general term "acidity" aredue to thepreeenceof theactd ion, hydrion, H, inwater; 
the properties which we include under the general term "alkalinity" are due to the 
alkaline ion, hydroxidion, OH', in water. Absolutely pure water has these two 
opposed substances in chemically equivalent proportions, and is neutial, and all 
tndy neutral solutions have the same concentration of hydrion and hydroxidion in 
them as pure wat«r. The concentrations of the two ions are of course equal, and 
the following table contains the values given by A. A. Noyes for different temperatures: 

CC O.MXIO-' normal. 

18° C 0. 68X10-' normal. 

25° C O.WXlO-'nOTmal. 

100" C 6.9 XlO-'notmal. 

Now, according to the ionization theory, the product of the concentrations of 
hydrion and hydroxidion in any dilute solutioD must always be equal to the corre- 
sponding product of pure water at the same temperature. All solutions, then, with 
a hydrion concentration greater than O.eSXMT' at 18° are acid, and the hydrion con- 
centration may be taken as a measure of the extent ol the acidity. All solutions 
with a smaller concentration of hydrion than 0.68X10~' are alkaline, and the hydrion 
concentration may be taken likewise as a measure of alkalinity. 

Relative acidity and alialinity. — For theoretical purposes this mode of stating 
acidity or alkalinity in terms of hydrion (or hydroxidion) concentration is convenient, 
but for the practical requirements of the water analyst it ia unsuited, owing to the 
rapid variation with temperature, and also to the smallness of the concentrations 
dealt witii. 

We therefore propose for practical purposes that the acidity tv alkalinity of a solu- 
tion be stated in terms of the acidity or alkalinity of ideally pure water at the same 
temperature. In short, we propose that (just as in the case of density, specific heat, 
and many other physical properties) water be taken as standard substance and that 
the acidity or alkalinity of all aqueous Bolutions be referred to it under the same 
conditions. We therefore take the acidity of pure water=l, and the alkalinity of 
pure water^l at all temperatures, no matter what the actual value of the hydrion 
concentration may be. That the acidity and alkalinity of pure water should be each 
made equal to 1 is neceseary, since neutral water can have no excess of either. 

Thus a water which has a hydrion concentration of 1.36X10-^ and a hydroxidion 
concentration of 0.34x10-' at 18° would be stated to have a relative acidity of 2 and a 
relative alkaUnity of 0.5. Under this system the product of relative acidity and 

> Walter, James, and Saf , S. A.. The acidity and aUcalinity or natural valeis: Boc. Cheni. Ind. Jour., 

> Wa^bum, E. W., The signlBcanu of the term alkBlluity fa water aualyala and the delermlnatloii oF 
alkaUnlt; by means of Indicators: nunola Water-Supply Assoc. Proc. second meeting, pp. 93-101, 1910. 

■Uoir, James, The determlnatloa of tbe scldity or alkalinity of watcn— a study in - " - " 

Abrlca Chem., Uet. and Uining Boc. Jour., vol. 14, pp. llt-llS, iai3. 
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lelative alkalinity must alawyn be equal to 1 , that being the value of the product foe 
pure water. In practice the value of the relative acidity alone would be given for 
add wateTB, and of relative alkalinity alone for alkaline watera. * * '<■' 

Rtlation &cfUK«n temporary Kardnta arid acidity. — In contrast with pure water, which 
isneutial, distilled water, in equilibrium with air and free from all impuritieB except 
dissolved air, is acid. The only Bubslance in the (pure) atmosphere which confers 
addity on water is carbon dioxide, and the relative acidity of water in equilibrium 
vith air may be calculated from known data U> be about 20. 

It is a common experience to find that ordinary distilled water has a marked acidity 
toward phenolphthalein, and ae a rule the relative acidity will be found to exceed 20. 
This is due to it containing excess of carbon dioxide d^ved from the bicarbouates 
in the water which is being distilled. 

Natural waters coutaining dissolved bicarbonatee in addition to carbon dioxide 
may be neutral, alkaline, or acid. The degree of hydrolysie of the bicarbonate, 
which varies with the concentration of the carbon dioxide in the water, is the chief 
factor which deteimines the alkalinity (or acidity) and, for a given bardneee, if the 
concentration of the carbon dioxide is fixed, the hydrolysie, and hence the alkalinity 
of the water, will have a perfectly definite value. If air free from carbon dioxide is 
passed Ihm^h the water the concentration of the carbon dioxide in the water will 
ultimately become zero and the water will become alkaline. 

Treatment with ordinary air, on the other hand, may either increase or diminish 
the alkalinity of the water. The concentration of the carbon dioxide in the water, 
whatever it may originally be, reaches a fixed value at equiUhriiun, and the "tem- 
porary " hardness of the water determines whether the ultimate state of the water will 
be neutral, alkaline, or acid. In other words, the relative alkalinity of the water, 
if it is in equilibrium with air, depends on the "temporary" hardnees. If the 
"temporary" hardness of a natural water, commonly ascertained by measuring the 
so-called ' ' alkalinity " with standard acid and methyl orange, is really due to bicar- 
bouates alone, the relative alkalinity of the natural water, after it is brought into 
equilibrium with air, ought to be equal to that of a synthetic water of the same tem- 
porary hardnesB. • • • 

Practical application*. — The method sketched out above is of importance as afford- 
ing a meane for determining the actual acidity or alkalinity of a water, and not merely 
the potential acidity or alkalinity as given by ordinary titration. It is on this actual 
state of the water that the rate of its action on metals, etc., depends. For example, 
a very soft natural water of relative acidity 1.3 bad its acidity increased to S.DsJter 
meclunical filtration with addition of aluminium sulphate. The quantity of alu- 
minium sulphate added was equivalent to not more than half the temporary (bicai^ 
bonate) hardness present in the original water, so that the filtered water still possessed 
temporary hardness and contained no free add save carbonic acid, to excees of which 
the high relative acidity was due. Yet the effect of the increased acidity was to 
increase the action of the filtered water on lead to three times that of the unfiltered 
water, and render the supply for this reason undesirable. The same filtered water 
was found to act briskly on mixed deposits of rust and the carbonates of lime and 
magnesia, dissolving the latter and liberating the iron rust. 

Washburn ^ pointe out the contradictory results at which we may 
arriTe by the use of different indicators, and giveB a table showing 
the res\ilts in practice with a number of indicators. Some indicatora 
change color when the solution is slightly acid, others only when it is 
markedly acid. Some indicators are not affected by acid solutions, 
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but change color when the solutioD becomee slightly alkaline, and 
still others change ooly when it is pronouncedly alkaline. In the 
table the results of treating the indicators with solutions of different 
d^rees of acidity and alkalinity are arranged progressively, leading 
from those whidi are affected only by stron^y acid solutions to 
those which are affected only by decidedly alkaline solutions. It is 
manifest that the neutriUity of a solution can be determined only by 
taking the middle point in the change of an indicator which shows 
some yariation in color throu^out the range from slightly acid to 
neutral to slightly alkaline. Litmus is such an indicator, being red- 
violet in slightly acid solutions, violet in neutral solutions, and blue 
in slightly alkaline solutions. It is frequently difficult to determine 
the neutral tint of an indicator such as litmus, and Moir ' has devised 
an ingenious apparatus consisting of two paraUel-walled glass cells, 
the distance between the walls of which is equal. The cells are filled 
with the same litmus solution; to one is added a measured quantity 
of acid and to the other an equivalent quantity of alkali. They are 
then placed side by side and the tint observed by looking through 
both at once is obviously the same as that of a single solution at 
exactly its middle point. Manifestly this method can be used only 
with indicators that eidiibit some change of color on each side of the 
neutral point. 

Colm ' mentions a useful combination of indicators for solutions 
not varying much from the neutrality point as follows: 

The mixture of meth^ <mnge and j^entdf^tliilmii was lecommended by Gawft- 
lowBld aa hi excellent neutnJity indicator. The neutral point is indicated by a 
lemon-yellow co\<yt. The sU^test excess of eitlier acid or alkali caueee a change ol 
color, the acid affording a deep pink, the alkali a fine red. 

ANALYSES OF ZINC-BEABING AND BELATED WATEB8. 
BOOBCBS or IMTOBIIATIOV. 

Almost all the water analyses that have been here cited as having 
a bearing on the genesis of ores in the Ozark r^on are analyses of 
sulphate waters — that is, of mine waters and so-called "alum" waters. 
It has seemed desirable to make a rather complete collection of analy- 
ses of waters of all classes known to contain zinc or lead. In the 
compilation of these analyses the following publications, sjnong 
others, have been examined: 

Foreign. 

Gakhot, a., Analyses dee eaux min6ialea franpaisea: Annalea dee mines, 8II1 ser., 
vol. 7, pp. 79-lU, 1885; 9th ser,, vd. 6, pp. 355-457, 18M; 9th eer., vol. 18, p. 33- 

94, 1899. 

> Ifoir, Jamas, op. c[t„ p. 116. 

t Cohn, A. I., Indlcatora and test papain, ttaalraiHiTiM, pnq^anUoa, q>pUi»tkii,aiid tnti . 
ad Bd., p. »7, New YoA, 1907, 
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Dentaches B&dabuch, Lcdpzig, 1907. 

Iacqdot, E., uid WiLLM, E., Les eaux mim&alee de la Fiance, Puie, 1894. 

Jalirbtlcber dea Naesauischen veieiiw fOr Natutkunde, 'Wiesbaden, vole. 27-66, 1873- 

1913. 
TjvKBaiDGE, A., Skbt, W., and Qrat, G., On &e compoeition and properties of the 

mmoal watera of Austndtuia; Austialafiian Amoc. Adv. 8ci., vol, 7, pp. 87-108, 

1898. 
Raws, Fbieduch, HeUquellen-Analynen, Dresden, 1885. 

ATiuriean. 

Atanb, F. D., and LeRot, O. E., The arteeian and other deep irells on ^e island of 

Montreal: Canada Geol. Survey Ann. Bept., vol. 14, pt. O, 1905. 
Ahdebson, Winslow, Miuet&l apringe and health resrarte of Califomia, 1892. 
Bailet, E. H. S., Special report on mineral waters: Kansas Univ. Geol. Survey, vol. 

7,1902. 
Bastow, Eowakd, and others, The mineral content of Illmois waters: Illinoia Geol. 

Survey Bull. 10, 1909. 
Bbakner, J. C., The mineral waters of Aikansas: Aikansas Oeol. Survey Ann. Rept. 

1891, vol. 1, 1892. 
Cupp, F. G., Undeigronnd waters of southern Maine: TJ. S. Geol. Survey Watec- 

Supply Paper 223, 1909. 
CuKKE, F. W., The data of geochemistry, 2d ed.: TT. 8. G«ol. Survey Bull. 491, 1911. 

Chapter 6 (pp. 168-206) gives analyses of many mineral welb and springe. On pp. 

204-205 is given a list of published coUections of water analyses wMch, in addition 

to the forgoing, includes several collections of analyses of foreign minenJ waters. 
Water analyses from the laboratory of the United States Q«olaglcal Survey: 

U. S. Geol. Survey Wat«r-Supply Paper 364, 1914. 
Crook, J. K., The mineral waters of the United States, Philadelphia, 1899. 
Deubsen, Alexander, Geology and underground waters of the aouthBa8t«m part 

of the Texas Coastal Plain: U. 8. Geol. Survey Water-Supply Paper 335, 1914. 
Ducioox, B. H., Aguas minerales alcalinas de la Repdblica Argentina: Bevista del 

MusBo de La Plata, vol. 14, pp. 9-52, 1907. 
DtrcLorx, E. H. and L. H., Las aguas minerales de los vallea de Hnalfin y otros 

de la Provincia de Catamarca: Bevista del Museo de La Plata, vol. 16, pp. 61-120, 

1909. 
PiTLLEE, M. L., Contributions to the hydrology of eaat^n United States, 1903: U. S. 

Geol. Survey Water-Supply Paper 102, 1904. 
Contributions to the hydrology of eastern United States, 1904; U. 8. Geol. 

Survey Water-Supply Paper 110, 1905. 
Underground-water papers, 1910: U. 8, Geol. Survey Water-Supply Paper 

258, 1911. 
FiTLLBK, M. L., and Ci>atp, F. G., The underground waters of southwestern Ohio, 

with a. discussion of the chemical character of the waters by B. B. Dole: U. S. 

Geol, Survey Water-Supply Paper 259, 1912. 
GoBDON, C. H., Geology aitd underground waters of northeastern Texas: U. S. Geol. 

Survey Water-Supply Paper 276, 1911. 
Geoli^y and underground waters of the Wichita r^jon, north-cenfial Texas: 

TJ. 8. Geol. Survey Water-Supply Paper 317, 1913. 
Gould, C. N., Geology and water reaourcea of Oklahoma: U. S. Geol. Survey Water- 
Supply Paper 148, 1906. 
Hall, 0. W., and others. Geology and underground waters of southern Minnesota: 

V. 8. Geol. Survey Water-Supply Paper 256, 1911. 
Eaxbis, G. D., Vkatch, A. C, and others, A report on the underground waters of 

LouisUna: Louisiana Geol. Survey Bull. 1, 1905. 
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Hatwood, J. K., Mineral watore of the United StaUs: U. B. Dept. Agr. Bar. Chem- 

iHtry BuU. 91, 1906. 
Hbaddbn, W. p., Col(»«do jmgation waters and their changw: Colorado Agr. Exp. 

Sta. Bull. 82, 1903. 
The Doughty spriiigB, a gionp of radium-bearing BpiingB on the North Fori 

of the Gunnison Siver, Delta County, Colo.: Colorado Bd. 8oc. Proc., vol. 8, 

pp. 1-30, 1905. 
Not«B on Bune minwal Bprings; Cohnado Bd. Boc, Proc., vol. 9, pp. 25»-272, 

1909. 
Kelly, Cltds, and Anspach, E. V,, A preliminary study of the wat«XB of the Jemei 

Plateau, N. Mei.: New Mexico Univ. Bull, 71, 1913. 
Lane, A. C, Lower Midiigan mineral waten: U. 8. Oeol. Survey Watw-Supply 

Paper 31, 1899. 
Leb, H. A., Mineral aprii^: CcJorado Bur. Mines Ann. Rept. fcff 1897, pp. 145-164, 

1898. 
Lbb, W. T., Water resouicee of the Itio Grande valley in New U«xico and their 

development: U. S. Geol. Survey Water-Supply Paper 188, 1907. 
LoEW, Obcab, Analyees of mineral springs and minerals: U. S. Qeog. Surveys W. 

100th Mer., vol. 3, pp. 613-637, 1875. 
Beport on the alkaline lakes, thermal sprinf^, mineral springs, and brackiBh 

waters of aouthem California and adjacent country: U. S. G«og. Surveys W. 100th 

Her. Ann. Rept. 1876, Appendix H 3, pp. 188-199, 1876. 
McCallie, 8. W., a preliminary report on the underground watcra of GeOTgJa; Q«(Hgia 

Geol. Survey BuU. 15, 1908. 
— — — A preliminary report on the mineral springs of Oecvgia: G«cagia Qeol. Survey 

Bull. 20, 1013. 
Matsoh, Q. C, Water resources of the Blue Grass r^pon, Kentucky, with a chapter 

on the quality of the waters, by Chase Palmer: U. S. Geol. Survey Water-Supply 

Paper 233, 1909. 
NoBTON, W. H., Artesiaii wells <rf Iowa: Iowa Geol. Survey, vol, 6, pp. 115-428, 1897. 
NoBTOK, W. S., and others, Underground water resources of Iowa: U. S-Geol. Survey 

Watei-Supply Paper 293, 1912. 
Obton, Edwabd, The rock waters (£ Ohio: U. S. Geol. Survey NiiMteentii Ann. 

Rept., pt. 4, pp. 633-717, 1899. 
PAI.MEB, Chase. See also Mataon, G. C. 
Mineralogy of waters from artedan wells at Charleston, S. C: U. S. GetJ. 

Survey Prof. Paper 90, 1914. . 
The geochemical interpretation of water analyses: U. 8. Geol. Survey Bull, 

479, 1911. 
Parkbk, H. N., Quality of the water Huppliea of Kansas: U. 8. Ged. Surveiy Water- 
Supply Paper 273, 1911. 
Pealb, a. C., Lista and analyses of the mineral Hprings of the Uuil«d States: U. 8. 

Geol. Survey Bull. 32, 1886. 
Peter, A. M., Kentucky Agr. Bxper. Sta. Ann. Repts. 9-24. 
Peter, Robebt, Kentucky Geol. Survey Chem. Repts. 1-4. 
Pbatt, J. H., Mineral waters: North Carolina Geol, and Econ. Survey Econ. Paptf 

15, pp. 74r-145, 1908. 
Samfobd, Samuel, The undergrouitd water resources of the Coastal Plain pnivince of 

Virginia: Virginia Geol. Survey Bull. 5, 1913. 
ScHWEiTSEB, Paul, Areport on the mineral watersof Missouri: Missouri Geol. Survey, 

vol. 3, 1892, 
Shefard, E.M,, Underground waters of Missouri, their geology and utilizatim: U.S. 

G«ol, Survey Water-Supply Paper 195, 1907. 
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Shxpus, 7. H., The vt«dan w«tas d South Dakota: South Dakota Agr. CM. and 

£zper. Bta. Bull. 41, 1896. 
SaBBHTHJLL, G. E., Geology and water TesourcM of the San Luis Valley, Colo.: 

U. S. Geol. Survey Water-Supply Paper 240, 1910. 
Seihkbb, W. W., American minerBl vatera; the New England Stattf: U. S. Dept. 

Agr. Bur. ChenuBtry Bull, 139, 1911. 
Slomon, £. E., Water snalysee: Wyoming Agr. Exper. gta. Bull. 24, 1896. 
Van Wihklb, Wai/tok, Quality of the surface waters of Waahington: U. 8. Geol> 

Survey Water-Supply Paper 339, 1914. 
Quality of the surface waters of Oregon: U. S. Qeol. Survey Water-Supply 

Paper 363, 1914. 
TuTca, A. C, Geology and underground water reaonrcea of northern Louisiana and 

Kuthcam Arkansas: U. S. Geol. Survey Prof. Paper 46, 1906. 
Wabinq, G. a.. Springs of California: U. S. Geol. Survey Water-Supply Paper 338, 

1915. 
WiNCHBLL, A. N., Petrology and mineral resources of Jackson and Josephine counties, 

Greg.: The mineral resources of Oregon, vol. 1, No. S, pp. 62-107, OT^:on Bur. 

tunes and Geology, 1914. 



roKdas xansAX. watibb (tabli i). 
The Deutsches B&derbuch contains about 650 analjaes of minOTal 
waters of Germany, 35 of which record lead or zinc, or both, either in 
the water itaelf or in the sediment deposited by the water. Twenty- 
one of the most modem of these analyses have been recalculated to 
the geochemical basis for companson with the water of the Jopliu 
re^on and are given in the accompanying tables. Of these 21 
analyses 11 show determinable quaotitiee of the metals, 7 show 
traces only, and 9 show lead or zinc in the spring deposit. Of the 
total 21 analyses, 17 are of primary waters — that is, waters in which 
the alkali bases exceed the alkaline-earth bases, amoi^ them the salt 
waters. All the analyses of foreign mineral waters given in the table 
are taken from the Baderbuch with the exception of five, the authority 
for which is stated in the list. The analysis of the water of N^ris-les- 
Bains, by Willm, has been supplemented by a determination of 
fluorine by Gouvenain and by determinations of the metals by 
Carles,' 



MnraxAi. WATXB8 or KAsmur. oxvtbaih abo soirTBzaH statxs (tabue ■). 
Peale gives 20 analyses of waters containing zinc or lead, 17 of 
which are sulphate of "alum" waters carrying measurable quantities 
of zinc and 3 of which are carbonate waters. For reasons which 
win appear later it has not been deemed necessary to incorporate 
more than three or four analyses of sulphate waters in the table, as 
such waters result from the oxidation of metallic sulphides at shallow 
depths and will, of course, contain zinc if the original stilphide con- 
tained zinc. 
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Crook giree eight analyses as containing either measurable quan- 
tities or traces of lead or zinc. Ifost of these are given by Feale. 

The analyses of mineral waters from the Eastern, Central, and 
Southern States, with the exceptions noted in the list, are given by 

MHMIAL W&TSBS OT KXKTUOET (TABU 1). 

The mineral springs of Kentucky have long been famous, and the 
waters of many of them have been chemically analyzed, the results 
being published in reports made by Robert Peter and A. M. Peter. 
The analyses made prior to 1896 do not show the zinc content of 
these waters, but all Kentucky waters analyzed since that time have 
been examined for zinc. The total number of analyses of waters, 
quaUtative and quantitative, published between 1896 and 1913 by 
Uie Kentucky Agricultural Experiment Station is 392, and 89 of 
these showed zinc in traces or in measurable quantity. Of the 392 
waters analyzed, 95 contained hydrogen sulphide and 11 others 
probably contained it, though the gas had escaped before the sample 
reached the laboratory. Of the waters containing hydrogen sulphide, 
49 carried sodium sulphide. Of the 89 waters containing zinc, 
36 contained hydrogen sulphide and 17 contained sodium sulphide. 
These figures are of interest in connection with the notes on pages 
48-49 in relation to the solution of zinc sulphide by excess of alkaline 
sulphides. The location of most of these wells and springs is shown on 
the accompanying sketch map of Kentucky (fig. 6). 

Most of the analyses given in the reports of the Kentucky Agri- 
cultural Experiment Station are quahtative, but 7 quantitative 
analyses of waters containing zinc are given in the accompanying 
table (pp. 120-123) together with 5 quantitative analyses made by 
Chase Palmer,' of the United States Geological Survey, which are 
stated ' to show traces of zinc, although such traces are not noted in 
the analyses as originally published. The analyses are included in 
A. M. Peter's list of well waters showing zinc. Peter has very 
kindly permitted the use of the following unpublished paper describing 
the chemical methods used by him in determining the zinc content of 
nuneral waters and giving a hst of 89 zinc-bearing waters that had 
been analyzed prior to 1911, Peter' has since published qualita- 
tive analyses of 17 addition^ waters containing zinc in traces or in 
measurable quantities. 

1 Wat«r Teaounve of the Blue Otsss reglrai: V. 8. GeoL Snrver Wata-Sopplf Fapcr 233, pp. XIMU, 
1909. 

I Ond conununlottioD by Chase Palmer. 

' Peter, A. U., AveritC, S. n., and Bheed, O. U., Analyses of minera] and potable waUcs: Eoitud^ 
Agr. Eipci. Sta. Twcnty-CDurtb Ann. Bept, for 1911, pp. 329-341 
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ZINO AND LEAD DBP08ITS OF THE JOPLHI REGION. 



ZDra EH ZENTUCKT vhtebal vatbrs. 
By A. If. FnsB.1 

Zinc is one of the metals that rarely appear in* analyses of mineral 
waters. Indeed, I can not cite any Amencan analysis is whicli it is 
shown, except those made by the Kentncky Experiment Station. 
On looking through Walton's "Mineral springs of the United States 
and Canada" (2d ed., 1874), which contains a very good collection of 
the older analyses, some 300 or 400 in number, I do not find its 
presence stated in any of the waters described, though Walton says, 
in the chapter on chemical constituents, that " traces of zinc * * * 
are sometimes detected." Haywood and Smith ' report analyses of 
55 commercial waters, in none of which is the presence of zinc noted, 
and the method of analysis followed by these chemists does not pro- 
Tide for the detection of that metal. In the "Deutsches Bader- 
buch," published in Leipzig in 1907, which contuns analyses of about 
650 mineral waters from the German B^pire, I find zinc reported in 
only 18 waters and in the sinter deposited from 11 others. 

Tliese facts would seem to point to the rarity of zinc as a con- 
stituent of minePEd waters, so I thought it might be of interest to 
present this note of work done in the laboratory of the Kentucky 
Agricultural Experiment Station, which shows that zinc is of common 
occurrence in certain classes of Kentucky waters and that its presence 
may be detected in many of them by a method of analysis not es- 
pecially refined. Since 1896, in which year I first noted the presence of 
zinc in a Kentucky mineral water, it has been our practice to test for 
that metal in the waters submitted to us for analysis. Upon looking 
through the annual reports of the station from 1896 to 1910, 1 find the 
analyses of 392 samples of mineral water reported, and of these, 72 
show the presence of zinc in solution in the water and 17 in the sedi- 
ment deposited from the sample on standing in the bottle, a total of 
89 samples in which zinc was found, presumably derived from the 
water. Most of these analyses are qualitative. 

In our usual procedure the test for zinc is made upon the same por- 
tion of water that is used for testing for iodine, bromine, borate, and 
soluble carbonate and for spectroscopic examination. For this pur- 
pose, one-half to 1 liter of the water is evaporated to dryness and 
the residue is extracted with a very small quantity of hot water. 
This concentrated solution is examined for soluble carbonate, borate, 
iodine, and bromine by appropriate tests and is tested spectroscopi- 
cally. The residue not soluble in water is treated with a Uttle hydro- 
chloric acid and examined spectroscopicaUy to detect strontium, 

> Paper icod befoK Am. Cbem. Soc., LonisvDle section, Apr. 10, 1910, but not 5ubmltt«d toe pabUcstlim 
b; the society. Publish«l here with certain additkms by the authoi. 

> Baywood, I. K., and Smith, B. H., V. B. Dapt. Agi., Bur. Chemistrr, BuIL SI, IWB. 
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lithium, calcium, etc., after which enough hydrochloric acid is added 
to decompose all the carbonates, and also a few drops of nitric acid, 
to oxidize ferrous compounds and oi^anic matter, and the solution is 
brought to dryness for tJie separation of silica. The residue is taken 
up with hydrochloric acid and water, filtered, and ammonium hydrox- 
ide is added for the precipitation of ferric and alununum hydrates. 
A precipitate is filtered out and the clear filtrate is acidified with 
acetic acid and treated with hydrogen sulphide. A precipitate of 
white sulphide here indicates zinc. It may be filtered, washed, 
bumed to oxide, and weighed, the oxide being re/^ognizable as zinc 
oxide from its color being lemon-yellow while hot, but white on 
cooling. We have made only a very few weighings, as the quantities 
found were very small. Those tried range from 0.0003 to 0.0065 
gram zinc, calculated on the liter. 

Summarizing the samples according to geologic formations, we 
have 1 sample from the Quaternary, 5 from the "Coal Measures" 
(Pennsylvanian), 25 from the Mississippian, 3 from the Devonian, 6 
from the Silurian, and 49 from the Ordovician. This classification is 
not exact, because it is made according to the surface geology of the 
counties without reference to the depth of the well. But I think it 
serves to show that it is the water from the limestone formations that 
carries zinc. 

Classifying the samples accordiog to the character of the water, we 
have 37 samples from sulphur waters, mostly salt sulphur containing 
metallic sulphide, 20 from saline waters, including sulphated saline 
waters, 19 from alkaline calcium carbonate waters, including those 
also containing sodium carbonate, 7 from chalybeate waters contain- 
ing ferrous carbonate, and 6 not classified. Of the 89 samples, zinc 
was detected in the dear water of 68 ; in the remaining 2 1 it was de- 
tected only in the sediment which had foimed in the bottle after 
standing. 

It is interesting to note, aJso, that the zinc in the sediment of the 
salbe waters, most of which come from the limestones of the Ordo- 
vician formations, is usually in the form of sulphide. 

The character of the 89 Kentucky mineral waters is shown in the 
following table: 
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98 ZIITO AND LEAD DEPOSITS OF THE JOPLIN REGION. 

vxLL, araaa, ahv mn vatsbs or iobsoubi (tablz t). 

Two published reports deal especially with the mineral waters 
of Missouri — Schweitzer's report on the mineral waters of the State 
and Shepard's report on the underground waters, both cited in the 
list given above. Many of the analyses included in Shepard's paper 
were originally published in earher water-supply papers, issued by 
the United States Geological Survey, and the earlier publications 
are the ones cit«d in the accompanying tables. The analyses taken 
from these sources have been supplemented by four analyses given 
in the chapter on the lead and zinc deposits of the Ozark region, 
contributed by E. R, Buckley to the volume entitled "Types of ore 
deposits," as well as by several analyses collected by W. S. Tangier 
Smitli in connection with earlier work on the district and by a num-- 
her of commercial analyses communicated by Prof. W. Qeoi^e War- 
ing and others. It has thus fortunately been possible to get togetlier 
a fairly large collection of analyses of Missouri waters. These 
analyses cover practically all classes of waters in the Joplin district — 
limestone springs, sulphate springs (probably contaminated by mine 
drainf^), mine waters, and deep-well waters. Although in mora 
than half these analyses no test was made for zinc or lead, some 
samples of sediment deposited from waters that were not themselves 
tested for these metals were assayed for this report and have on 
analysis shown lead or zinc or both. 

BPSISQ WATXKS 07 »it»-»TTB*n (TABLX t). 

At the town of Sulphur Springs, in the northwest comer of Arkan- 
sas, several springs rise to the surface in the valley of Butler Creelj. 
One of these is known as White Sulphur Spring and another as 
Black Sulphur Spring. The analysis of water from the former was 
made by Prof. W. Geoi^e Waring. Another analysis, by Dr. A. E. 
Menke, has been pubhshed in the Arkansas Geological Survey's 
report on mineral waters, but as its source is called simply tiie 
"Sulphur Spring," it is uncertain from which spring the sample 
was taken. In its geocbemical characteristics the water analyzed 
by Menke differs considerably from the water analyzed by Waring, 
and they fall a considerable distance apart in the synoptical table. 
Sulphide sediment from each spring was analyzed by Waring 
and showed the presence of lead, zinc, copper, and iron. Crystal- 
lized pyrite, calcite, and quartz are also forming in these sediments. 
These interesting sediments are discussed more fully on pages 185-187. 

WXLL ABD SPKina WATEBB 07 KAITSAS (TABLE •). 

Kansas waters are described in Bailey's report and also in the 
United States Geological Survey water-supply paper by Parker 
listed on pf^e 90. Except an analysis of water from a limestone 
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Spring and one of water from a spring containing zinc sulphate, the 
analyses cited from Kansas are of artesian (but not flowing) weUs, 
most of them serving as sources of muniapal water supply. When 
so used, the water is usually pumped into a surface reservoir and in 
this reservoir a dark sulphury sediment settles out of the water. 
All samples of this sediment examined contained weighable quanti- 
ties of lead and 2dnc. Thus several of the waters can be said to 
carry these metals, although the waters were not tested for them 
when the analyses were made. These precipitates and their bearing 
on the genesis of the ore deposits are discussed in greater detail on 
pages 162-173. 

WXU. AHS KUrX WATXXfi OT OKI^AHOMA (TABLM T). 

No report dealing with the waters of the eastern part of Oklahoma 
baa yet been published, and it has therefore been necessary to com- 
pile such commercial analyses as are available. Nine of these are 
given in the table, tc^ther with analyses of three mine waters. The 
water from the Church-Mabon mine, north of Miami, in common 
with water from the other mines in this region, is chained with 
hydrogen sulphide and when classified by ita properties according to 
the geochemical system falls alongside the water from the Nowata 
artesian well, which it very closely resembles. The water from the 
Chapman & Lennan mine, which is not far from the Church-Mabon 
mine and at the same geologic horizon, as sampled when the mine 
was first opened, is likewise a sulphur water, but differs from the 
water of the Church-Mabon mine in showing considerable sulphate 
salinity, indicating some surface oxidation, an indication which is 
corroborated by the higher lime-magnesia ratio and by the reported 
occurrence of stringy masses of sulphur bacteria in the water. In the 
classification it falls between waters from the deep wells at Nevada 
and Clinton, Mo. A second analysis of this water was made three 
months later, pumping having been continuous during the interval. 
This pumping had lowered the ground-water level so that surrounding 
mines were draining to the Chapman & Lennan mine, the deepest 
in the region. A comparison of the analyses shows a very pro- 
nounced change in the character of the water. When first sampled it 
was a primary water in which the alkali metals were predominant, 
hut when the second sample was taken the water had changed to a 
secondary water, in which the alkaline-earth bases were predomi- 
oant. There was a corresponding decrease in the chloride and sul- 
phate radicles, which gave place to carbonate radicle, and in the 
content of hydrogen sulphide, which had been pronounced when the 
first sample was taken but was no longer evident. Attention is 
here directed to the position of these mine waters in the geochemical 
daasification, for they will be discussed .later as having a decided 
bearing on the theory of ore genesis presented in this paper. 

.00^ Ic 
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Waters from the R&dium well at Claremore, the Whitaker Park 
well at Pryor Creek, and the waterworks well at Vinita, show traces 
of lead and zinc, and sediments from these wells and from the water- 
works well at Afton yield measurable quantities of lead and zinc. 
The Claremore and Nowata well waters are salt to the taste. Dr. 
E. H. Keiser, reporting under date of July 29, 1903, the analysis of the 
water of the Radium well at Claremore, says: 

I find that thie water ie highly charged with hydn^en sulphide gas. * * * The 
water when Bret drawn has a green-yellowiah color. On standing, a black eediment 
collects on the bottom of the vessel, aitd if the water is exposed to the air a white 
precipitate of sediment slowly fonnii throughout the entire body of water. This 
formation of a white precipitate on standing is due to the liberation of finely divided 
sulphur from the gas (hydrogen sulphide) in the water. The black sediment that 
settles out is chiefly iron sulphide, but contains a little zinc sulphide. I was not able 
to find lead in the water.' 

WELL, BPHOra, ABS Mimt WATEKS OT OOLOKADO (TABLE I). 

Of the ten analyses of zinc-bearing waters from Colorado, five 
were made by Dr. W, P. Headden, three by the United States Geo- 
logical Survey, and the others were made by chemists indicated 
in the list. The analyses comprise waters from hot and cold springs, 
deep mines, a surface stream, and a sulphate well, whose water corre- 
sponds closely to mine water and was probably contaminated by 
mine water. The widely separated positions of the two analyses of 
the water of Geyser mine in the synoptical table are noteworthy, the 
water from the 2,000-foot level (p. 149) having the primary or alkali 
bases predominant, whereas that from the 500-foot level (p. 161) has 
the secondary or alkaline-earth bases predominant. The analyses 
of the Poncha Hot Springs and of the Hot Spring No. 1 at Wagon 
Wheel Gap fall very dose together in the synoptical table (p. 149). 
Zinc was determined in the deposit from the water of each spring. 



With the exception of the water of one hot spring the waters 
analyzed from Mich^an, Montana, Nevada, and California are 
deep-mine waters, most of which were supposed to be bdow the 
reach of surface or oxidizing influences. TTiey were collected for 
their bearing on the genesis of the particular ore deposits with which 
they are associated. The water from the 3,095-foot level of the 
Tamarack mine of Michigan and from the 1,800-foot level of the 
Gagnon mine of Montana fall side by side in the synoptical table and 
resemble each other very closely, the principal difference (p. 152) being 
the laj^er content of sulphate radicle in the water of the Gagnon 
mine. In both, calcium chloride is the principal constituent. The 
> AdrerUsIng circular ol ClBremore Badlum Wdla Co. 
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water from the 2,200-foot level of the Green Mountain mine, Mon- 
tana, resembles the Gagnon water, except that 78 per cent of the 
acid radicles consist of sulphate and calcium sulphate is the chief 
constituent, thus indicating a large component of surface oxidizing 
waters. Both the Montana mines are in the Butte district and 
both the waters have a faintly alkaline reaction. The water from 
the 2,316-foot bore hole in the Mizpah mine at Tonopah, Nev., 
contains an excess of the sulphate radicle, indicating surface origin, 
with primary or alkaline bases predominant, and resembles very 
closely the water from the LuHusquelle, which it adjoins in the 
synoptical table (p. 151). The water from the 400-foot level of the 
Federal Loan mine was collected by Lindgren,* who has recently 
commented upon it as follows: 

Some years ago, in a report on the gold qiiartz veins of Nevada City and Grass 
Valley, Cal. (U. 3. Geol. Survey Seventeenth Ann. Rept., pt. 2, p. 121, 1896) I 
pieeented an analysis of an ascending spring found in the Federal Loan mine which 
carried some arsenic and hydrogen sulphide. At that time I held the opinion that 
this water might possibly have had some connection with the genesis of the vein, 
but it is now apparent that it ia simply water of the general surface circidation which 
happened to find its way up on the vein and which dissolved certain conatituenis 
from it. 

In the synoptical table (p. 151) this water falls between the water 
from the 500-foot level of the Geyser mine and water from the deep 
well of the Missouri Lead & Zinc Co. at Joplin, resembling the latt^ 
very closely. 

The analysis of the water from Steamboat Sprii^, Nev.,' has 
been included in order to compare a hot alkaline sulphide-depositii^ 
water with the cold alkaline-saline sulphide-depositing water of 
the Joplin region. Classified by the geochemical system the water 
from Steamboat Springs finds its place among several cold springs 
of Colorado and Germany and a well water from Oklahoma. It 
has a considerably h^her chloride salinity than any of these, how- 
ever. In calculating this analysis the boron has been regarded 
as coUoidal and the very small quantity of antimonate radicle reported 
has been disr^arded. The water probably contains minute quan- 
tities of lead and zinc, as well as other metals, for these are fomid 
in the sinter deposit from which the springs emei^e. 

lo alapt: U. S. OsOL Bumj lion. 13, p. 
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Tablx 9.— Chemical diaracUr and gtoAtmicat provtrtiti of tinc-btaring an 
watenin Miehigan, MontaTia, Nevada, ana Califorraa — Contitiued. 
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CLASSIFICATION OF ZUfC-BIiABINO AND RELATED WATERS. 

When the number of quantitative analyses of waters available for 
study and comparison reaches that here presented it becomes neces- 
sary to group them according to some well-coosidered scheme of 
classification. The scheme here adopted is based on the principles 
of water characterization just set forth and includes only those 
subgroups that are represented in the analyses here given. It has 
been devised solely to meet the requirements of the present investiga- 
tion and is not presented for general use, although, by logical expan- 
sion and further subdivision, it might be made applicable to Dearly all 
natural waters. In this scheme the principal classes are founded on 
the preponderating groups of bases. These classes are divided 
according to the nature of the preponderating acid radicles held in 
equilibrium with these bases, and are subdivided according to the 
nature of the salinity. They are further subdivided according to the 
kind of accessory alkalinity or salinity. A similar scheme might 
classify the first division by aUsalinity or salinity and the subdivisions 
by the groups of bases. Such a classification would somewhat 
resemble that adopted by Peale,' though in his plan the waters were 
classified according to the weights of the different constituents 
rather than according to their molecular ratios, as in the two schemes 
proposed above. Both th^e schemes were tried by the writer, but 
the one here adopted seemed to work out best in actual practice 
with the waters under consideration. 

In the following key to the scheme of classification adopted and in 
this report generally, the terms primary, secondary, and tertiary, 
when applied to waters, are used in the ordinal sense in which their 
use has been established by Palmer,' Spencer,* Emmons and Harring- 
ton,* Van Winkle,' Waring,* and Clapp,' in connection with the 
radicles of bases in solution in waters. Thus we have primary, 
secondary, and tertiary salinity, alkalinity, bases, and waters, 
all members of related series, each determined by the predominant 
groups of positive or base radicles. The reader must not confuse 
these terms with the terms primary and secondary as they are appfied 

1 Feale, A. C, Natiiisl mlnena weMn ol the VnlMd SUUs: U. S. 0«ol. Surra; FoarMantJi Ann. 
Sept., pt. 2, p. 66, ISM. 

■Falnia',Chue,Tliegeochemli»]IntcrpretatlDDaIvntertuia]f9es; U.B.Oeal. Survey Bull. 47ft,pp.l2-H, 
1911; Uintnlogr otvalm from sRaslui Tells at CharieeUiD, S. C: U. 8. 0«al. Survef Frol. Fsper 90, pp. 
ft2-83, leii. 

■Spencer, A. CChsilcacileeDiliduiient: Ecou. Oecdogy.T^d. 8. p. 646,1013. 

<EllunoiU, W. H., and Hurington, 0. L.. A comperbon of waters ol mince and ntliotgpriiiga: Eoaa. 
Geology, toL S, p. 661, 1B13. 

• Van Wlnkls, Walton, QimlltyoIUissarbcewaten of Waahinpoii: XS. 8. Oeol. Suive]' Watei-Supply 
PtVCi 339, pp. 34-3S, tSI4; Quailty ot the BUiface waters ol Oregon; U. S. Oeol. Surrer Water-Supply 
Paper 363, pp. I7-3S, 1914. 

• Waring, O. A., Springs ot CalUemlB: U. S. Geid. Survey Water-aupply Paper 33S, pp. 2J-A 1911- 
'Clapp, C. H., Sharp Point hot spring, Vancouvn Islaudj British Columbia: Canada Dept. Minn Bunt- 

marf Bapt. Oeol. Surrey [or 1S13, pp. 80-83, 1014. 
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to original and derived ore deposite, for as applied to ores they have & 
genetic significance,, where as their use here is purely ordinal. 

Key (o cIaMtfIoariono/«ne-6Mrtnjr onrf nlabrf inticTj. 



PrimMy wfttefB (pri- 
taaxy bases prodom- 

iniint). 



Secondary waters (sec- 
ondary bases pre- 
domin&nt). 



Tertiary waters (tei 
tiary bases predom 

inant). 



rChlorid e sal inity . . . 
iSulphateulini^. . 

1 Chloride salinity... 
Sulphate Balinity. 
1 Chloride salinity. . 
Sulphate salinity. . 
f Chloride salinity. . 
iSulphat« salinity. . 
8ulphat« salinity . . 



'Primary alkalinity. . . 
.Secondary alkalinity . 

/Primary alkalinity--. 
ISecondary Blkalinity , 

rPrimary salinity 

ISecondary salinity. . . 

'Primary aaiinity 

.Secondary salinity... 
/Primary ealinit^... 
1 Secondary salinity. 

(Primary salinity. . . 
Secondary salinity. 
Tertiary salinity... 



SYNOPTICAL OUTLINE OF ZINC-BEARING WATEHS. 

The geochemical scheme for interpreting water analyses lends itself 
admirably to the presentation in tabular form of the essential prop- 
erties of a series of waters. The synoptical table below shows the 
character of 119 waters, most of them from the Joplin r^on and 
adjoining territory, but many from distant States or from foreign 
countries. Nearly all these waters carry zinc or lead. A zero {0} 
in the last column opposite the designation of any water indicates 
that tests for these metals gave negative results. A question 
mark (?) in the last column opposite the designation of a water that 
has not been tested for these metals but is dosely related in character, 
in geographic location, and in geologic environment to waters known 
to be zinc-bearing indicates that it may probably carry these metals. 

A somewhat similar scheme was used by Pofiopn^,' but he com- 
bined the chlorides of the alkalies and earths and gave them sep- 
arately from the sulphates. Another essential difference in pres- 
entation is that the properties were expressed by PoSepn^ in their 
mass weights instead of in reaction values, as in the table here pre- 
sented. The undesirabihty of the use of mass weights is dwelt upon 
in the quotation from Palmer. In an analysis expressed in that way 
one must either make a mental estimate of the reacting values of the 
salts or must form a false conception of the proportions of the salts 
in the solution. 



t PoSqmj^, Ftani, The stnesls ol 
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The method of using the scheme of classificatioii aod the eynoiv- 
tical table here presented can best be illustrated by a simple example. 
If we take the vater from the Chapman & Lennan mine at Miami, 
Okla., when it was first opened (No. 30 in the table of analyses) we 
find it characterized as follows: * 

Frimaiy snlliuty 68.4 

Secondsiy Alinity 7.0 

Secondary alkalinity 316 

100.0 . 

Chloride aalmity 68.6 

Sulph&te flBlinity 6. 8 

The primary bases are evidently predonunant and the water is pre- 
dominantly saline, with chloride salinity and with accessory secondary 
alkalinity, properties that place it in section D. The analyses in this 
section are arranged in order of decreasing primary alkalinity and 
increasing secondary salinity. The water shoiro 7 per cent of second- 
ary salinity but no primary alkalinity, and this immediately places 
it between the waters of the Nevada well and the Clinton No. 2 well. 
This close resemblance of the mine waters at Miami to deep-well 
waters known to be zinc bearing is discussed on pages 187, 203-205. 

The tertiary waters included in sections N, O, and P, at tlie 
bottom of the synoptical table, with acid reaction and even with 
free sulphuric acid, resulting supposedly from the oxidation of 
met^c sulphides at shallow depths, will of course contain zinc or 
lead if the original sulphides contuned those metals. In this group 
belong the "alum" springs and the acid mine waters. Section It of 
the secondary waters, grading over into the group showing tertiary 
salinity, consists of 3 spring waters, 1 mine water, and 1 deep-well 
water, the last, through defective casing or otherwise, evidently con- 
taining an admixture of surface or mine water. The remaining 
analyses are pretty well divided between the primary waters and 
the secondary waters. A general survey of these two divisions 
shows that zinc is carried by Bait sulphur waters and by alkaline 
carbonate waters, as well as by plain salt waters without hydrogen 
sulphide and with little alkalinity. In other words, zinc is carried 
by both sulphureted salt waters and alkaline-earthy carbonate 
waters, the latter usually containing free carbon dioxide, free hydro- 
gen sulphide, or both. To put it more briefly, most zinc-bearing 
waters that are not mine waters or "alum springs" waters are 
either sulphureted, carbonated, or plain salt waters. 

Of the lid waters cited, 73, almost two-thirds of the total, show 
chloride salinity in excess of sulphate saliaity, but, as has been 
stated, the number of analyses of mine and other sulphate waters 
was restricted, because they were not considered essential to this 
discussion. 
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COitPAXSSaS 09 WATBB8 OF INTEBIOB AND BOBDEB WELLS OF THE 
OZABE UFLIPr. 

7^ analTticel comparison of waters from deep wells ia the lime- 
stone Bxe& of the Ozark uplift with waters from deep weUs in the 
PennsjlTanian shale area surrounding the uplift, though all these 
wells draw their supply from the Cambrian and Ordovician rocks, 
reveab some interesting dlffereaces, which can best be brought out 
by a parallel representation of the properties of a short series of 
waters from each area, and this accordingly has been made in the 
following table. The arable numerals in the headings in this table 
refer to the analyses in the synoptical table. (See pp. 149-153.) 
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As will be observed, the border well waters are high in primary 
salinity but show minor proportions of secondary salinity and alka- 
linity. They are hkewise high in chloride salinity but low in sulphate 
salinity. They are therefore primary waters, in which the alkaU 
bases predonunate and axe of the nature of brines. Indeed in the 
synoptical table ocean water, characterized from Dittmar's analysis, 
falls just below water from the Brunswick well. To show this close 
relationship in quahty the character outline of ocean water according 
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to Dittmar's analysis is included in the table. The water of the 
Claremore well ja also very similar m character to ocean water, 
although, of course, the waters of both the Claremore and the Bruns^ 
wick wdls are more dilute than sea water. The concentration or 
total reacting value of the border waters is nevertheless high as com- 
pared to that of the int^or waters, which range from one-fourth to 
one-thirtieth that of the border wells. The interior wells are low 
in primary and secondary salinity but high in secondary alkalinity ; 
chloride salinity is also low and sulphate salinity is a little higher. 
They are secondary waters, that is, they are waters in which the 
alkaline-earth bases predominate. Ano^er difference not brought 
out in the table is that the waters of the border weQs are chained with 
hydrogen sulphide, whereas the waters of the interior wdls contain 
little, if any, of this gas. 

These d^erences are directly attributable to the artesian circula- 
tion of the dome. When sediments are laid down upon the floor of 
the sea they are saturated with sea water, which remains in the pore 
Spaces of the sediments as connate water until they are elevated into 
land, when it becomes a part of the circulating ground water. Di- 
luted with atmospheric water, the salt is gradually carried away, and 
the ground water is "sweetened" and charged with elements dis- 
solved from the sediments. This change proceeds, under favorable 
conditions, with sufficient rapidity to be detected by analyses made 
at long intervals. Examples of appreciable sweetening or freshening 
of salt waters have been noted ' in the Atlantic Coastal Plain artesian 
belt. 

As the Ozark artesian circulation developed and, with erosion of 
the Pennsylvanian shale, gradually extended iteelf down the slopes 
of the dome, the drculstion in the rocks near tiie center was continu- 
ally losing a portion of ite chloride salinity and taking on secondary 
alkalinity (earthy carbonates) , owing to dilution of the connate wat^ 
and to solution of the country rock. This being so, we should expect 
that the water of wells near the center of the dome would show least 
chloride salinity and that of wells out in the Pennsylvanian shale 
area, beyond the border of the uplift, where the circulation beneath 
is practically impounded, would show the greatest chloride salinity, 
the water of the wells between showing degrees of chlorine salinity 
corresponding to the positions of the wells. And this, making aDow- 
ance for local variations, is undoubtedly the case, as may be seen from 
the synoptical table (pp. 149-153). Of two deep wells at the same 
place, the shallower one should be expected to show less chloride 
salinity and otherwise to resemble the interior wells, owing to the 
greater volume of circulation in the shallower rocks as compared 

■ Sanlord, Sunuel, Saline ajtesiaii watva of the Atlantlii CouUl Pbln: U. S. Qegl Bnirar Wtt«F- 
Bopply Paper 258, pp, 84-86, ISIl. 
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with the deeper rocka. The waters included in the table axe arbitra- 
rily chosen to bring out the results of the continued circulation and 
thus represent end series, between which all gradations may be found. 



The stratigraphy, structure, and geologic history of the Ozark up- 
lift have been described in some detail on the forgoing pages. The 
development of the underground-water circulation of the area, the 
quaUty of the water and its identical similarity to the solutions de- 
positing the ores, the metalliferous content of the rocks, and the 
chemistry of lead and zinc solutions have been discussed, and also 
the effective modes of solution, transportation, and deposition of 
the metals. The segregation of the zinc and lead deposits of the 
Joplin r^on, as the writer conceives it to have taken place, may 
now be outlined by proceeding from the fundamental geologic facts 
here recapitulated to what seem to be reasonable and inevitable 
conclusions. 

ConditioTis in Paleozoic time. — The Ozark r^on in its earher period 
of development was centered about a crystalline pre-Cambrian archi- 
pelago, now represented by the St. Francis Mountains and outlying 
areas of crystalline rocks. On the sea bottom, which sloped graiUy 
away from this center on all sides, were laid down the sediments that 
fonned the series of dolomitic limestones and minor amounts of sand- 
stone and shale of the Cambrian and Ordovician rocks, the material 
composing which was derived from the crystalline areas by disinte- 
gration and solution, supplemented by deposition from material 
already in solution in the sea. During the Silurian and Devonian 
periods sedimentation was at times interrupted, or rather it was 
meager and local. In early Carboniferous time were laid down the 
sediments that formed the series of calcareous shales, cherts, and 
limestones constituting the Mississippian rocks. At the close of 
Mississippian deposition the land was elevated sufficiently to allow 
the development of a typical karst topography over much of the 
Ozark area. A general subsidence followed, and upon this karst 
surface Fennsylvanian shale was laid down over most if not all of 
the dome. 

Presence of zinc, lead, and copper m the rocka of the OsarJc reffion. — 
The large-quantity analyses made by Robertson demonstrate the 
widespread dissemination of minute quantities of zinc, lead, and 
copper in the crystaUine rocks of the St. Francis Mountains, in the 
Cambrian and Ordovician dolomites, and in the Mississippian lime- 
stones. In the Cambrian and Ordovician systems zinc is the pre- 
dominant metal, as is shown by Robertson's analyses, which are 
summarized on page 78. In the Mississippian limestones, according 
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to ihe analyses on p^e 79, t^e quantity of lead, and even of copper, 
is greater than that of ^c, though the smaller quantity of zinc may 
be due in part to leaching during the poet-Mississippian time, whea 
the karat topography was being formed. 

Though iron is not shown in the analyses we may be quite sure 
that it constitutes a lai^r proportion of all these rocks than do 
lead, zinc, or copper. 

Selective solution of the mdals in the cryataUine rocks. — Gottschalb 
and Buehler have shown (see pp. 44-46) that the sulphides of the 
metals exhibit differences of electric potential and have tabulated 
them in an electrochemical series, with sphalerite, which has the lowest 
potential, at the bottom, and with galena, pyrit«, chalcopyrite, and 
marcasite higher up in the series, In the order named. Arranged in 
pairs, in moistened contact, these minerals form batteries in which the 
sulphide having the lowest potential is dissolved while the other is 
practically unaffected. Thus sphalerite goes into solution in contact 
with galena, pyrite, chalcopyrite, and marcasite; and galena goes 
into solution in contact with pyrite, chalcopyrite, and marcasite. 
Furthermore, the lower sulphide goes into solution much faster when 
so coupled than when alone, sphalerite when coupled with pyrite 
dissolving 10 to 14 times as fast as when alone, and galena when 
coupled with pyrite dissolving 6 to 14 times as fast as when alone. 
As the metaUic sulphides are finely disseminated through the crystal- 
line rocks of the Ozark nucleus, innumerable particles of different 
sulphides must adjoin one another in the ground water, which will 
oxidize and dissolve the sulphides lowest in the scale first and those 
highest in the scale last. The order in which sulphide particles not 
in contact with other sulphides will go into solution will be detei^ 
mined by the rate of their solubihty. The net result of the proc- 
esses involved will be that the zinc sulphide will dissolve faster than 
the lead sulphide and that the sulphides of copper, iron, nickel, and 
cobalt will pass into solution more slowly than the sulphides of lead 
or zinc. 

Selective pred-pUoiion of Gie metals in dissemiiuited condiHon in the 
limestones JoTTfiing on the seajloor. — When carried out to sea the metals 
will tend to be precipitated in the reverse order of their solubihty, the 
less soluble nearer the shore, the more soluble farther out. The first 
sediments derived from the Ozark nucleus should therefore contain 
disseminated deposits of sulphides of zinc and of lead, lead in greater 
abundance near shore and the zinc in greater abundance farther out. 
So, too, later sediments — that ia, sediments of a later geologic period — 
derived from the same nucleus, should contain disseminated sulphide 
of lead, relatively less abundant sulphide of zinc, and more abundant 
sulphides of iron and copper. 

In accord with this general conclusion Robertson's analyses show 
that the Cambrian and Ordovician dolomites contain, on the average, 
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ne&rlj hdf as much zinc as the crystaUme rocks, though they con- 
tain lees than oae-fourbh as much lead and lees than one-sixth as 
much copper. The Mississippian limestones, on the other hand, 
contain, on the average, about one-ninth as much zinc as the CTystalline 
rocka but ahnost one-fourth as mudi lead and over oae-third as much 
copper. By comparing the metal content of the Cambrian and Ordo- 
Ticiau dolomites with that of the Mississippian limestones we find that, 
though the limestones contain, on the average, less than one-fourth as 
much zinc as the dolomites, they contain 30 per cent more lead and 
nearly twice as much copper. 

Evidence of the very genend presence of copper, lead, and zinc in 
sediments of all classes, including pelf^c deposits has been given, 
and reasons for beUeving that these have been formed in part by 
chemical precipitation in the ocean have been presented. It is 
therefore believed that a part of the metals that are disseminated 
through the Cambrian and Ordovician dolomites of the Ozark uplift 
were derived directly from the ocean and that this portion is additional 
to the metals derived from the crystalline rocks of the St. Francis 
Mountaina. 

Uplift near clote oj Paleozoic rim«,— During the general orogenic and 
epeirogenic movement that occurred near the close of the Carbonif- 
erous period the Ozark uplift assimied practically its present outline 
and its quaquaversal arrangement, its structural culmination prac- 
tically coinciding with the present areal and hydrt^raphic center, 
which is about 100 miles west-southwest of the St. Francis Moun- 
tains, its center in early Paleozoic time. The St. Francis Mountain 
region still maintained a quaquaversal structure, however, though 
the elevated r^on was reduced in area on its western side. 

Erosion oj PenTiaylvantan ^u^ and eetablishment of arteaian cir<m- 
htion. — ^When the cover of Pennsylvanian shale had been eroded 
from the central part of the dome an artesian circulation of the 
ground water was necessarily set up, and this circulation extended 
itself radially down the sides of the dome, the receiving area becoming 
lai^r as the inner edge of the shale retreated outward from the 
center of the dome. 

Character of the gronnd water trfihe region. — We may get some idea 
of the quahty of this circulating ground water from analyses of the 
waters of deep wells in the Ozark uplift, but a truer conception of its 
character may be gained from analyses of waters of deep wells in the 
Pennsylvanian area adjoining the uplift on the northwest. The wells 
in the Pennsylvanian area draw their supply from beds at the same 
geologic horizons as the beds that furnish water to the wells in the 
uplift, but, as in that area upward circulation has been greatly 
impeded or prevented by the cover of Pennsylvanian shale, the water 
has been to that extent impdimded and is ther^ore more nearly like 
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ttie original connate water, not having been freshened by continaous 
drculatioD in the manner ab«ady described. The analyses ehow that 
these deep-weU waters are alkaline-eaJine and carry an excess of 
carbon dioxide, together with hydrogen sulphide. 

Alkaline-saline aulphureted solutions containing an excess of carbofi 
dioxide are effective in dissolving the sulphides, as is ^own by the 
experimental work of SulUvan, and particularly by the work of WaIIb, 
with solutions of that character and as is further shown by the com- 
mon presence of the metals as traces or measurable quantities in 
waters of that kind in Kentucky,, in the Ozark r^on, in Colorado, 
and elsewhere. The undeiground water of the Ozark dome was (and 
is yet in lesser degree) alkaline-saline and is chained with sulphuret«d 
hydrogen and carbon dioxide, and it contuns small quantities of zinc, 
lead, copper, and iron and minute traces of several other metals, as is 
shown by numerous analysee of deep-well waters from Missouri, 
Kansas, and Oklahoma (pp. 124-140). 

Selective solution of the metallic siUphides disseminated in the dolo- 
mites and limestones of (he central Ozark region and their transporbUion 
aiid segregation by tlie vxUers of (he artesian drculaiion. — ^The Cambrian 
and C^doviciau dolomites of the centra! area, having been laid down 
at a distance of 100 miles or so from the crystalline nucleus, should 
contain larger proportions of zinc than of lead, copper, or iron. In the 
solution and transportation of these metaUic sulphides, selective solu- 
tion of the sulphides, aa determined by Gottschalk and Buehler, should 
have been effective, and we should find that relatively more zinc has 
been dissolved and also that it has been carried farther dovm the 
dome, and that relatively lees lead has heea dissolved and that it has 
been deposited sooner — that is, nearer the center of the dome. The 
long-continued operation of this process would bring about an 
arrangement of the sulphides with relation to the center of the uplift 
in whidi the ore deposits nearer the center would consist prevailingly 
of lead and those nearer the border would consist prevailit^ly of zino. 
Correlatively copper and iron should be found nearer the center than 
lead. Such an arrangement is in fact found, as will be shown later 
(pp. 173-178). 

When the water in its outward journey down the slope of t^e dome 
rose under artesian pressure to the surface at the inner margin of the 
Pennsylvanian shale, or perhaps under the edge of the Pennsylvanian 
shale, it came into the "open ground," due to the karst topc^aphy 
upon which the Pennsylvanian was laid down. Here, through release 
of pressure, carbon dioxide escaped from the water, and by its action, 
possibly aided by the lowering of the temperature and by decomposi- 
tion of the carbonaceous matter of the shales, the metals were pre- 
cipitated as sulphides through reactions with the hydrogen sulphide 
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in the water, just as the metallic sulphides are precipitated to-day in 
containers holding samples of the deep-well waters and in the reser- 
voirs supplied from deep weUs. 

Summary. — It is therefore held that artesian circulating alkaline- 
saline sulphureted waters, similar to those now rising in the deep 
wells west of the Joplin district, dissolved the disseminated zinc and 
lead, for the most part from the Cambrian and Ordovician rocka hut 
in some part also from the Mississippian rocks, and transported these 
metals, in the form of bicarbonates, to their present position in the 
open ground which formerly lay at the base of the PennsylvaniMi 
shales, and there deposited them as sulphides by reaction with the 
hydrogen sulphide of the waters on the escape of excess carbon 
dioxide. The chemical reactions here indicated are held to be the 
simplest and the most effective in segregating the Joplin ores, but it 
is not maintained that they operated to the exclusion of the other 
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reactions set forth in the preceding pages. On the contrary many, 
if not all, of the reactions indicated in the chapter on chemistry should 
be considered in attempting to comprehend the work of a complex 
solution like the undei^roimd water of the Ozark dome. 

The views presented in the foregoing outline of the s^egation of 
the zinc and lead deposits of the JopUn district are essentially identical 
with the views of Van Hise, Bain, and W. S. Tangier Smith, and 
in respect to minimizing the extent of downward enrichment 
are also practically in accord with the views of W. S. Tangier 
Smith; but the writer assumes responsibility for the expression of the 
character of the circulating water and the discussion of the chemistry 
of the transportation and deposition of the metals. 

The diagram shown in figure 7 is an attempt to trace graphically 
the progress of the metals from their original sources to their present 
location in the ore deposits of the Joplin region. 
84551°— BulL 606—15 U 
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KEVIEW OF COLIiATERAIi CORROBOBATIVB EVIDENCE. 
ITEHS OP THE BVIDENCB. 

In formulfttiug the theoiy of the genesis of the zinc uid lead 
deposits of the Joplin district, outlined in the foregoing pages, the 
writer has collected various kinds of collateral corroborative evidence, 
the most important being the fact that sediments in reservoirs sup- 
plied by wells reaching the Ordovician and Cambrian rocks contajn 
considerable quantities of metallic sulphides. The details of this 
evidence, as well as some pertinent deductions from the relative pro- 
portions of the different sulphides found, are given below. Other 
corroborative evidence includes the occurrence of dolomite with the 
ores, though the country rock consists of cherts and nonmt^eeian 
limestone; the absence of ore deposits where the Chattanooga shale 
is known to be continuous; the distribution of the ore deposits in a 
circle about the Ozark uplift just inside of the mar^ of the Femi' 
aylvanian shale ; the distribution of the sulphides about the crystalline 
nucleus and about the structural center of the uplift, in harmony 
with the data concerning the solubility of the sulphides presented by 
Gottschalk and Buehler; the occurrence of bitumen at the base of 
the Pennsylvanian shale; the constant inflow of mine water at places 
where surface waters do not have access to the mine workings; and 
the geographic associations of the lead and zinc deposits of the eastern 
half of the United States with geanticlines and structural slopes. The 
details of the foregoing as well as other evidence are given in the 
following pages. 

BEBEBVOIB SEDHCENTS. 

RESULTS OP ANALYSES. 

Many chemists who have experimented with alkaline-saline sul- 
phureted waters similar to the deeper artesian waters of the Joplin 
district know that the heavy metals in such solutions are precipitated 
as sulphides after the water has been standing for some time and 
accumulate in the sediment at the bottom of Uie container. Robert 
Peter, A, M, Peter, and E. H. Keiser have chronicled this fact, as has 
been noted on pages 54 and 100. 

Analyses of the deeper artesian waters of the Pennsylvanian area 
adjacent to the Joplin region show that they are alkaline-saline sul- 
phur waters and shows also the fairly general occurrence in those 
waters of the metals, in particular of zinc, as traces or, more rarely, 
in weigbable quantities. In many places these waters are used as the 
source of municipal supply, being stored in tanks or reservoirs. The 
sediments in such a reservoir accumulate until it becomes necessary 
for sanitary reasons to clean the reservoir. These reservoirs thus 
offer ideal conditions for the precipitation of the metalliferous content 
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of the wat«rs as sulphides, in the way in which the metallic sulphides 
are precipitated in the containers of water samples. The detection 
of & "trace" or even of a fraction of a part per milUon of zinc in a 
naturtd water may require a chemical teat so refined or dehcate that 
the result may be aubject to more or less doubt. The accumulation 
of the metallic sulpliides in reservoir sediments should probably not 
only provide sufficient material to set at rest any doubts about the 
occurrence of zinc in the water but should also afford material for 
detennining the relative proportions of other metals which do not 
occur in the waters in quantities sufficient to indicate their presence 
on analysis, even as a "trace." 

At first a few samples of reservoir sediment were obtained from 
reservoirs suppUed by deep wells whose waters, unquestionably zinc 
bearing, as shown by tests, are derived from the Cambrian and 
Ordovician rocks. Analyses of these sediments disclosed such an 
interesting content of zinc, lead, copper, and iron sulphides that an 
attempt was then made to obtain samples from a considerable num- 
ber of reservoirs supplied by deep wells drawing their water from the 
Cambrian fmd Ordovician rocks. Most of l^ese reservoirs are in the 
Pemisylvanian shale area, in Missouri, Kansas, and Oklahoma, adjacent 
to tiie mai^n of the Oz&rk uplift, but a few of them are in the area 
underlain by the Mississippian limestones, within the border of the 
Ozark uplift. The following table gives 21 analyses of sediment from 
14 reservoirs, with explanatory notes: 
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1. llieBelcher well (2,199 feetdeep)isat Main and O'Fallon streets, St. Louis, Mo., 
bnt the water ia carried tliree-quart«ni of a mile to the Belchor Hot«l and bathhouse. 
The sediment was collected from (he steel supply tank at the bathhouse. The well 
starts in Hisnssippian rocka and ends in Cambrian rocks. 

2. The Silver well is 2 miles north of St. Peters, St. Charles County, Mo. O^e well 
is cased to 1,10D feet, one flow coming above that depth and the olher from between 
1,100 feet and the bottom of the well. The sample of sediment was scraped from the 
drain leading away Skxd tile well. 

3. The Fulton [Mo.] WatflTworks is supplied by two deep wells, the deeper one (786 
feet) passing through 120 feet d Recent and Fennsylvanian rocks and reaching the 
Gasconade (Cambrian) formation. Sample of sediment collected from the very scanty 
deposit in the waterworks reservoir. 

i. Sample of calcareous scale from a pipe at the Stat« Hospital at Pulton, Mo., 
deposited by wat«r from a well 960 feet deep, probably reaching the same horizon as the 
deepest well at the waterworks, 

5. The Clinton |Mo,]Li^t&Wat«r Co. utiUzee the flovfrom several artesian wells, 
which penetrate 40 feet of Fennsylvanian shale and end in the Gasconade (Cambrian) 
formation at a depth of 300 feet. The sample of sediment is from a point near the inlet 
where the wat«r enters the open reservoir. 

6. The well at the United States fish hatchery near Neoeho, Mo., is 292 feet deep, 
slsrtiiig in the Mississippian rocks, pas^ng throu^ 22 feet of Chattanooga (Devonian) 
ehale, and ending in Ordovician rocks. The water has a slight odor of sulphureted 
hydrogen, but no analysis is available. The sample of sediment was taken from the 
small basin about the mouth of the well, which barely flows at the surface. 

7. The Walker well, near Lanagan, Mo., is 435 feet deep. The rock at the surf ace is 
shale belonging near the top of the Chattanooga (Devonian) shale. The water there- 
fore probably comes from Ordovician rocks. It is highly charged with sulphureted 
hydrogen. The sample of sediment was collected from a wooden tank into which the 
well flows. 

8-12. The mtmidpal water supply of Pittsburg, Kaus., is drawn from three wells, 
each about 1,420 feet deep, and, respectively, 6, 8, and 16 inches in diameter. The 
water rises in the welle to within 150 feet of the suriace. The water from the 16-inch 
well b pumped into a round reeervoir 80 feet in diameter, and the water from the other 
wellsintoarectangularreBervoirmeasuringl58feetlong, 90 feet wide, and K ' 
both reservoirs are walled with brick and lined with cement. The t^ 
connected by a 6-inch pipe, and all water is drawn from, the large rectangular re 
At a depth of 130feet there is an undeiground chamber connected with the surface by 
two shafts, and the water from one of the wells is pumped into this reservoir by an air 
Hit and then raised to the suriace reservoir by a lift pump. Sample 8 came from the 
square reservoir near the supply pipe and 9 from a point 100 feet from the supply pipe. 
Sample 10 was obtained fromtiie dischaige pipe of the undeiground reservoir. Sam- 
ples 11 and 12 came from the round reservoir, 11 from a point near the supply pipe 
and 12 from a point 50 feet away. The wells penetrate 250 feet of Fennsylvanian 
(Cherokee) shale and reach the Ordovician rocks at 621 feet, drawing their wat«r supply 
from rocke of that age or older. 

13-15. The municipal water supply of Columbus, Kans,, is drawn from a well 1,400 
feet deep, which passes through 165 feet of the Cherokee shale and through the Missis- 
sippian rocks and draws its supply from the Ordovician and Cambrian rocks. From 
the well the water, which rises within 65 feet of the surface, is pumped to a suriace- 
aerating reeervoir and thence to the stand tower. The samples of sediment were col- 
lected from the cement surface reeervoir. 

16. The water supply at Afton, Okla., is derived from two wells, each 1,066 feet 
deep, whidi pass thiou^ the Miflsissippian rocks and the Chattanooga (Devonian) 
dule and draw their supply from the Ordovician and Cambrian rocks. The eastern 
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margin of the Cherokee ahale (PeniuylvaniaTi) is about a mile west of the irell. The 
water rises above the ground to a hei^t of 3 feet and pours out into a cemented bwin, 
from which it is lifted by pumps to a stand tower. The samples of sediment were 
c<^ected bom tlie basin. 

17. The municipal water supply of Vinita, Okla., is derived from several flowing 
wells, which draw their chief supply from a water sand at a depth of 666 feet and 
BmaUer supplies frcon a sand at a depth of 510 feet, both of which aro in the Ordovician. 
The wells pass tbrough 96 to XOO feet of Cherokee (PeunBylvanian) diale in their upper 
portion. He water flows from the wells into a square cement-lined reservoir, from 
^rtiich it is pumped into the stand tower. The sample of sediment was collected from 
the bottom of the r««ervoir. 

18. Whitaker Park, at Pryor Creek, Okla., utilizes the artecdan flow of a well 600 
feet deep ihat draws its supply of water from the Ordovidan rocks, which lie beneath 
the Misdasippion limestones and 140 feet of Fennsylvanian diale. ^e sediment was 
collected from a wooden trough leading from the well. 

19. At Clar«more, Okla., there are three deep wells near together, which range in 
depth from 1,100 tol,600feet. The wells pass through 750 feet of shales and wndstones 
ot Pennsylvanian age, and then throu^ 280 feet of Minismppian rocks, reaching 40 
feet of Chattanooga (Devonian) shale at 1,035 feet, beneath which, in the Ordovicion 
rocks, the arteraan flows are found. The sample lA sediment was coUected from a 
wooden tank in the bathhouse of the Radium Water Sanitarium Co. after having been 
piped 80 feet from the Brown well. 

20-^21. At Sulphur Springs, Ark., there are several springs in a small park in the 
valley of Butler Creek. I^e basins of these springs are about 6 feet deep and the water 
emerges from Ordovicion dolomitic limestones. The Chattanooga (Devonian) dt&Ie 
outcrops on the hillside about 50 feet above the level oE the springs. The samples of 
sediment were collect«d from the bottoms of the spring basins. The water at the 
springs has a distinct odor of hydn^^ sulphide. 

FHTSIOAL STATE OF THE TRANSPORTED HETALS. 
BtJSPSHSSD OS. COLLOIDAL PABTICLXS. 

At the outset it will be well to consider the possibility that the 
metals deposited with the reservoir sediments may have been trans- 
ported in the waters as sulphides in fine or colloidal suspension or 
blown into the reservoirs as dust by the wind. 

The waters are derived from the Cambrian and Ordovician rocks 
and (as is shown on p. 250) must have traveled an average of more 
than 60 miles from intake to well. It would probably require 50,000 
or 100,000 years to make the journey, a period that would apparently 
be long enough to permit the suspended particles to subside. More- 
over, it is difficult to see how the fine metallic sulphides could be 
continuously freed from the Cambrian and Ordovician rocks with 
sufficient regularity to yield year after year- the quantity that is 
deposited in the reservoirs, or, by an extension of the reasoning to 
geologic time, to give rise to the ore deposits of the district. 

If the suspended particles he supposed to originate from the weiQ 
bore, it does not seem reasonable that they should be detached in 
about the same quantities in different wells, or in the same well at 
different times, or that the supply should continue indefinitely. So 



X^HIt^lc 



EBVIBW OF COBEOBORATIVB BVIDBNCB. 167 

far as known to the writer, no traces of zinc or lead deposits were 
reported in the 1<^ of any of the wells delivering water to the reser- 
voirs from which sediments have been analyzed. 

If the suspended particles be supposed to be in s colloidal condition, 
the precipitating effect of electrolytes in the deep waters must be 
taken into account. The waters of some of the weUs, as, for instance, 
the Whitaker Park well at Pryor Creek and the Radium well at Clare- 
more, contain rather high percentages of sodium chloride — are, in fact, 
unpalatably strong brines — yet these waters carry a particularly high 
content of zinc, tiiat of the water of the Pryor Creek well having 
been determined by Prof. Waring as 1^ parts per million. Clark' 
foimd that carbon dioxide and hydrogen sulphide increased the 
amount of colloidal copper sulphide held in suspension in water and 
in a -g^jy normal solution' of sodium chloride or potassium chloride. 
The water of the Whitaker well contains sodium chloride equivalent 
to a 6-fold normal solution, and that of the Kadium well is equal to 
a 30-fold normal solution, that is, from 1 ,800 to 9,000 times as strong 
as the solution in Clark's experiment. In the early part of t^e period 
of ore deposition, when the artesian circulation had not been long 
established, the undeiground water must have consisted largely of the 
connate water of the rocks and must generally have approached sea 
water in chloride salinity, approximately a 27-fold normal solution. 

All electrolytes precipitate colloids when both are in sufficient con- 
centration, but the "precipitating power of electrolytes increases 
decidedly with the valence of the precipitating ions (H. Schulze's 
rule). Bivalent ions are far more efficient than univalent; trivalent 
ions in turn are still more effective than bivalent." " In addition 
to sodium chloride most of the deep waters contain calcium chloride, 
calcium carbonate, magnesium chloride, magnesium carbonate, 
alumina, and ferric oxide. These are all effective flocculents and 
precipitants of colloids, and in accordance with the rule, alumina 
and ferric oxide are particularly effective. Corroborative results on 
colloidal copper sulphide by the use of calcium chloride, calcium car- 
bonate, and alumina were obtained by Clark,' who also found that 
carbon dioxide, of which there is always more or less in the deep 
waters, "caused a very clean-cut flocculation of the colloidal copper 
sulphide" in the presence of a very dilute (xjW normal) solution of 
potassium carbonate and potassium chloride. 

In the face of these facts any supposition that the metals are carried 
in suspension would seem to the writer to be untenable. 

1 Clack, J. D.| A cbemlcal study at tlie enrlclinient of copper aulpblde ores: New Uexloa UqIt. BulL, 
VOL 1, Mo. 2, p. 13B, IBM. 
■ A normal solaCkm la one la which 1 gram of the substuira is dissolved in l liter at ttie aaluUan. 
> StJcgUti, Jullua, The elemeals at qualitative chemical analjisiB, voL 1, p. 135, 1912. 
«Clttk, }. D., op.cit., pp. 1S7-141. 
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WIRS-BLOWH PAXTtOLBS. 

As most of the Bamplee of sediment from Kansas and Oklahoma 
were taken from open waterworks reservoirs, some of which were 
near railroads that may hare been carrying concentrates to Kansas 
and Oklahoma zinc smelters and most of whidi contained a great 
deal of wind-blown material, it is advisable to consider tiie poesi- 
bihty that the zinc in the sediments was carried there by wind. The 
zinc may have been so carried into the water in three conceivable 
forms: (1) As fume from zinc smelters; (2) as dust particles from 
the soil; (3) as fine particles of zinc-blende concmtrate blown from 
loaded cars in transit. 

1. There are two zinc smelters in the vicinity of Pittabui^, Kans., 
but they are, respectively, 1 mile north and 2 miles northeast of the 
reservoirs from which the sediments were taken. The prevailing 
winds are from the southwest and would carry any fume in the oppo- 
site direction from the reservoirs. Moreover, the smelters were not 
in operation during any part of the year that the sediments were 
accumulating. The sunple that shows the highest zinc content (sam- 
ple No. 10 in the table on p. 164) was collected in the dischai^e pipe 
from the underground reservoir, where it could not have received 
any additions of atmospheric dust. Finally, smnples of water col- 
lected directly from these and other wells contain measurable quan- 
tities of zinc, as is shown in the table on page 164. None of the 
other samples was taken from reservoits anywhere near a zinc 
smelter. 

2. The sediments taken from the open reservoirs invariably yield 
the metals as amorphous sulphides, except only some crystallized 
pyrite. The metals found in sediments deposited in samples of 
water drawn directly from the welb also occur in the form of amor^ 
phous sulphides. If the metals were derived from wind-blown dtists 
carried from the soil they would probably occur in some oxidized 
form. The percentage of the metals in the sediments is much higher 
than that which the soils would be hkely to contain over the wide 
area covered by the samples of sediment collected, and it seems im- 
probable that the heavy metals would be concentrated in a wind- 
borne deposit. The sediment from the Fulton Insane Asylum was 
an incrustation from the boiler-water heater and came directly from 
the well without exposure to the air. The same is true of a sample 
from Pryor Creek, which contained zinc, but which was discarded in 
favor of a sample taken later from the trough leading away from the 
well. The sample from Clarcmore was taken from a closed tank inside 
the building and had not boon exposed to the open air. Finally, the 
sediment from the Fulton reservoir and that from a ditch leading 
from the Silver well showed neither zinc nor lead, although these 
places are easily accessible to dust-laden winds. 
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3. The average of mne composite analyses, covermg 45,000 ship- 
ments of zinc concentrates, mostly carload lota, made between 1900 
and 1913, is as follows: 

Avervge mtial amimt of 46,000 thipmentt of nine conteniTota. 

Zinc 67.507 

Lead 939 

Copper 0*4 

Iron 2.335 

In the following table the other metals in the concentrates are 
reduced to their ratio to zinc in order that they may be compared 
with the similar average ratios of the metals in the sediments : 

Batiot of tine to other mOal* in reiervov udiments andimine eoneentmUt. 





Ratios. 




Zlnotolead. 


Zlno to copper. 


ZInctolroa. 


fcrsjwv iTHidlmMit 


1:0.311 
1:0.18 


};s-s^ 















Zinc concentrates are shipped from Joplin northwestward and 
southwestward to smelters in Kansas and Oklahoma, but no lead 
concentrates are shipped in those directions. Many of the reservoirs 
from which samples of sediment were obtained are from a quarter of 
a mile to a mile from a railroad, over which possibly no zinc concen- 
trates have ever been shipped. But under the most favorable 
assumptions the metals of the sediments can not have been derived 
from wind-blown zinc concentrates for the reason that the sediments 
contain proportionately an average of 13 times as much lead, more 
than 400 times as much copper, and nearly 1,900 times as much iron 
as do the zinc concentrates. 

nEnucnoNs from analyses showing metaluo content; and 

RATIOS OF THE METAL8 IN ROOEB, BESEBVOIR SEDIMENTS, AND 

Important deductions may be drawn from the determined ratio to 
one another of the several metals contained in the sediments. In 
order that the ratio to each other of some pair that occurs in large 
proportions in certain sediments may not have undue weight in 
determining the average ratio, the ratios of the same pair of metals in 
fiediments in which they occur in smaller quantities have been deter- 
mined, and a common measure of ratio has been established by taking 
zinc as unity. The average ratios for the metals thus determined 
are therefore true averages. 
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It is intereating to compare the ratios of zinc to lead, copper, and 
iron in the reservoir sediments with the ratios of zinc to lead and 
copper in the large-quantity analyses of rocks by Robertson and by 
Weems, and with the ratio of zinc to lead, copper, and iron in the 
ores mined in the Joplin district from 1907 to 1913, inclusive. The 
results of Robertson's and of Weems's work have already been given. 
The ratio of zinc to lead in the concentrates as sold in the Joplin 
district may be obtained from the statistics of production of these 
metals given in the United States Geological Survey's annual vol- 
umes of "Mineral Resources of the United States" for the period 
indicated. The local record of sales made before that period does 
not distinguish between sulphide and oxidized ores of zinc and does 
not give the metal content of either, so that accurate comparison can 
be made only as far back as 1907. Assuming that lead and zinc are 
recovered from the crude ore of the district in equal proportion, the 
ratio of zinc to lead produced during the last seven years is as 1 : 0.229. 
It is possible, however, that, owing to its higher specific gravity, 
galena in hydraulic concentration is recovered in a proportion greater 
than that of sphalerite, and if so, the ratio of zinc to lead ^ven in 
the table on page 171 is not high enough. On the other hand, it is 
clear that a larger proportion of lead ore was raised in the early days 
than now, and that a lai^er proportion of oxidized zinc ores was raised 
then than now. This should be expressed by raising the ratio of 
lead to zinc, which would operate to offset the decrease just men- 
tioned, so that perhaps the figure given for lead is not far from the 
actual figure. The average proportion of copper in zinc concentrates 
may be determined from available assays of composites of samples 
of several thousand carload lots.' Similarly an estimate of the copper 
in lead concentrates may be made from the determinations of Petraeus 
and Waring.* From these may be calculated the total copper con- 
tained in the zinc and lead concentrates produced in the last seven 
years and also the ratio of the zinc to the copper. From the same 
sources the iron contained in the concentrates may be computed, 
and from that the ratio of zinc to iron may be derived. This will 
take into consideration, however, neither the iron in the zinc con- 
centrates from the Miami (Okla.) district, which carry a heavy con- 
tent of iron and which are not included in the composite analyses, 
nor that in the zinc concentrates of other districts, which contain so 
much iron that they must bo treated in a roasting magnetic-separation 
plant before being sold, nor the pyrite of the discarded middlings 
separated in concentrating the ores, nor further, the specially pyritif- 
erous portions of mines which are avoided in mining. The iron is 
therefore too low. The copper occurs as cbalcopyrite, which in 
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concentration iS drawn off with the pyrite middlinga and discarded, 
so that it is not represented in the composite assays mentioned 
aboye. It therefore appears that the ratios of copper and iron to 
^c must be considerably higher than the figures ct^culated. Both 
the ratio of zinc to copper and of zinc to iron are given in the table 
below, which includes also the ratio of zinc to lead, copper, and iron 
in the reservoir sediments and, for convenience, gives the results of 
Robertson's and of Weems's lai^e-quantity analyses. (See pp. 78-79.) 

MetaUic content and ratioi of the meiali in rods, reiervoiT udimentt, and ore*. 





Av™,,,™™,. 


BBtlDsolmetab. 




Zinc. 


^. 


Coppar. 


ZlDOto 


Zlueto 
oopper. 


Zbcto 
trim. 




.0OU6 

.00104 

.0002) 


0.00397 
.00328 


*s 


1:0.440 

US 

lAl.l 

l!o.2» 


UO.X! 

1:0.0007 





















































From an inspection of the table it appears that the ratio of zinc 
to lead in the reservoir sediments agrees closely with that of zinc to 
lead in the Cambrian and Ordovician dolomites, from the artesian 
circulating water in which the sediments were derived. This agree- 
ment acquires significance when it is seen that the ratio in the 
Cambrian and Ordovician rocks differs widely from the ratio in the 
pre-Cambrian, from that in the Mississippian, and from that in the 
Ordovician and Silurian rocks of Iowa. The ratio of zinc to lead in 
the ores now being mined also agrees practically with the ratio in 
the sediments and in the Cambrian and Ordovician rocks. This 
accords with the theory here presented, that the metds of the ores 
and of the sediments were derived from the metals of the Cambrian 
and Ordovician dolomites. However, for reasons given above, too 
much stress should not be placed upon the figures showing the ratio 
of zinc to lead in the ores as mined. 

Tlie proportions of the other metals in these three substances, how- 
ever, ja-e decidedly different, but the differences are such as would 
be expected from a consideration of facts that have been heretofore 
presented. Gottachalk and Buehler have shown that, when in con- 
tact, sulphides of copper and iron lag behind sulphides of lead and 
zinc in going into solution. When the sulphides of theae four metals 
are dissenunated through rocks subjected to continuous leaching 
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by circulating undei^ound water the scdutdon passing through in 
the earher stages of the leaching will (zinc not considered) carry pro- 
portionately more lead, and in the later stages proportionately more 
copper and iron. Hence we see that the ores that represent an earlier 
stage of leaching contain a much smaller proportion of copper and 
iron to zinc than the original limestones. On the other hand, the 
sediments, which represent a later stage of leaching, contain ratios of 
copper and iron to zinc much larger than those in the ores or even, 
80 far as copper is concerned, in the original limestones. Unfor- 
tunately, the analyses made by Robertson do not show the iron con- 
tent of the rocks, so that the descent of the metal from the limestones 
to the sediments and ores can not be traced for iron, as it can for 
copper. 

Copper occurs in the ores chiefly as chalcopyrite. The usual crystal 
form of this mineral is the tetrahedron, with parallel orientation, the 
crystals being formed on the surface of sphalerite, as shown in Plate 
VI, B, but it also occurs on dolomite and other minerals. What- 
ever its occurrence, it is always among the last minerals to be 
formed, a fact that supports the ai^ument — drawn from Gottachalk 
and Buehler's order of solution in pairs, and from the composition of 
the reservoir sediments and of the ores— that copper was relatively 
more abundant in the later st^es of the development of the ground- 
water circulation. 

Iron occurs in the ores as marcasite and pyrite. These also are 
funong the very last minerals to be deposited, a fact that corroborates 
the evidence furnished by the chalcopyrite as to the order of solution 
of the metals and their relative abundance in the sediments and in 
the ores and indicating the relatively greater abundance of iron in 
the later stages of the development of the circulation. The following 
quotation describes the paragenetic relations of the iron sulphides to 
the other ore and gangue minerals as noted by Smith:* 

Iron sulphide foimed earlier than galena or sphalerito has not been luted. When 
occuniiig with these mineralB, it is in all caaea superpoeed on them, showing locally 
a preference for one or the other, especially galena. Both marcasite and pyrite have 
been seen on chalcopyrite, while minute crystals of pyrite have been noted on 
marcasite crystals. Where these sulphidca oceui as metasomatic replacements they 
appear to have been developed simultaneously. A second generation of marcaaileis 
sometimee eeen, and in one instance waa not«d as occurring in the aurface layer of 
calcite cryetab. At the Mildred mine, weet of Joplin, chalcopyrite and marcasite 
crystals are covered with calcite crystals, which in turn show hemispherical sod 
botryoidal marcaaite on their surfaces. In a number of instances in the sheet ground 
about Webb City marcasite has been noted in corrosion cavities in galena. 

1 Bmltb, W. S. T., BDd Siebenthat, C. £., U. S. OtxA. Saivej Qeol. Atlas, Joplin distiict EoUo (Mo. 118), 
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BATE OF DEPOSITION OF ZINC IN RESERVOIB SBDDIBHTS. 

When the reaervoira at Pittsburg, Kans., were cleaned out in 
April, 1911 — about a year had passed since the last cleaning — the 
depth of the sediment in different parts of the reservoirs ranged from 
half an inch near the dischai^e pipe to a quarter of an inch at the 
far sides, averaging about three-eighths of an inch. When the area of 
the reservoirs was taken into consideration, it was found that the 
sediment which had collected in the course of a year amounted to 600 
cubic feet, which contained 5i pounds of zinc or 8i pounds of zinc 
sulphide. During the year in which the sediment collected there 
was supplied to the city of Pittshui^ 385,000,000 gallons of water. 
The quantity of zinc precipitated in the sediment indicates that the 
zinc content of the water was 0.00173 of a part per million. 

In two determinations of ziuc in water from the Pittsburg wells, 
one made by E. H. S. Bailey, of Kansas State University, in 1897, 
and the other made by Chase Palmer, of the United States Geo- 
logical Survey, in 1910, the zinc content was estimated as 0.6 and 
0.44 of a part per million, respectively. If all the water pumped into 
the reservoir in a year averted 0.5 of a part per million of zinc, the 
total zinc content would be 1,600 pounds, or nearly 2,400 pounds of 
zinc sulphide. Therefore, not all of the zinc is precipitated in the 
reservoir, but a large proportion of it goes out with the water pumped 
from the reservoir. Another portion is precipitated in the under- 
groimd reservoir and is not represented in the sediments. 

PLACE BEI.ATI0N8 OF THE ZINC, IiBAD, COFPEB, IRON, NICEBL, 
AND COBALT DEPOSITS TO THE FRE-CAHBBIAN NTJCLETTS AND 
TO THE FOST-CABBONIFBBOUS CENTBB OF THE OZABE tJPLIFT. 

The interesting and important results of the work of Gottschalk 
and Buehler {see pp. 44-46) throw much light on the distribution of 
the ore minerals with relation to the pre-Gambrian nucleus and inci- 
dentally upon the genesis of the ores. As the metalhc sulphides are 
finely disseminated through the crystalline rocks of the nucleus, 
innumerable particles of different sulphides must lie in contact with 
one another in the underground water, which will oxidize and dis- 
solve the sulphide lowest in the scale first and the one highest in the 
scale last. The sulphide particles not lying in contact will go into 
solution in the order of their solubiUty. The net result of the processes 
involved wiH be that the zinc sulphide will dissolve faster than the 
lead sulphide, and that the sulphides of copper, iron, nickel, and 
cobalt dissolve more slowly than the sulphides of lead or zinc. The 
same principles that operate for adjoining sulphide particles will 
operate, only much more strongly, for the sulphide components of 
mixed sulphide ore bodies when they are subjected to leaching. 
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When c&nied out to sea the metajs will tend to be precipitated in the 
reveree order of their solubihty. The less soluble ones will be precipi- 
tated nearer shore and the more soluble ones will be carried farther 
out to sea. As the pre-Cambrian nucleus was the source of ihe 
metals in Cambrian and Ordovician time, we should naturally sup- 
pose that the metals carried out and deposited in the Cambrian and 
Ordovician sediments would be arranged in an order conforming to 
the principle set forth. That is to say, we should suppose that zinc 
especially, considerable lead, and some copper and iron would be car- 
ried tax out to sea, and that a great deal of the lead, most of the 
copper, and most of the other metals, except zinc, would be deposited 
with the limestones laid down nearer the nucleus. As a matter of 
fact, these suppositions represent the distribution of the metals as 
they are found to-day. The mixed sulphides of nickel, cobalt, and 
copper axe mined in connection with lead sulphide in Madison and 
St. Francois counties, Mo., on the eastern flank of the pre-Cambrian 
nucleus, and copper ore free from nickel and cobalt has been mined 
in Ste. Genevieve and Shannon counties, respectively, a short distance 
east and west of the nucleus. The heaviest iron deposits form a 
circle about the St. Francis Mountains except on the northeast. 
The largest deposits of lead connected with the-Ozark uplift are 
found on the eastern flank of the nucleus, but considerable lead is 
found far from the nucleus, and the lai^est zinc deposits are in the 
Joplin r^oD on the extreme western margin of the uplift. 

Podepn^ ' notes this relation of the ores to the Arcbean nacleus 
and comments thereon as follows : 

The depoeitB occuning near the "id^nAa" of granite and porphyry have special 
istereet. While the Silurian limeetonee of the nirrounding counliy, farther from thcae 
iehuida, present chiefly only lead and zinc ores, other metala, such aa copper, cobalt, 
and nickel occur as the Archean foundation rocka are approached; and this drcimi' 
stance is, to my mind, an indication that the source of the lead deposita also is to be 
sought in depth. 

It may therefore be inferred that Podepn^ beUeved that the metals 
have been drawn from depth in the Archean area, which then became 
the center of dispersion of the metals into the surroimding sedimenta, 
resulting in the rdations noted. 

In a recent report on the iron ores of Missouri Crane * finds that 
two classes of the ores, the secondary limonite and the hematite of 
the filled sinks were originally deposited in the form of the sulphides, 
as is shown by the fact, among others, that pseudomorpba after mar- 
casite and pyrite, principally marcasite, are found. The hematite ores 
are those referred to as "the specular ores of the sandstone r^on" 
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by Nason,' who believed that they were deposited aa sulphides by 
descending waters. Crane holds further that the hematite ores of 
the filled sinks were deposited as sulphides by descending waters, 
which leached the metal from the overlying Pennsylvanian rocks, 
jtist ss Buckley and Buehler held for the lead and zinc ores of the 
Ozuk region. Crane and Nason as well as B^ * have noted the 
occurrence of lead, ziac, and copper sulphides and oxidized ores with 
the iron ores of the filled sinks. 

The present position of the iron ores that have been derived from 
sulphide deposits also harmonizes well with the artesian theory of 
origin, if the operation of the principle of selective solution of the 
sulphides set forth by Gottschalk and Buehler is taken into account, 
la the dissemination of the metals into the Cambrian and Ordovlcian 
seas from the crystalline rocks of the St. Francis Mountains the iron 
in contact with the other sulphides would have a tendency to hold 
back, but in fact, owing to ite preponderance over the other metals, 
more iron, would be disseminated than other metals. The principle 
of selective solution would apply ^ain, and more particularly to 
the sulphide constituents of any ore bodies formed by early circula- 
tion in the quaquaversal pre-Silurian rocks about the crystaUine 
nucleus. Here, with the mixed sulphides in contact, the iron and 
copper would lag behind the lead and zinc in solution, and after 
several decompositions and reeompositions in its transfer down the 
slope a mixed sulphide ore body would practically be freed entirdy 
of lead and zinc and finally of copper also, leaving iron alone. If 
now, through erosion, the iron sidphide body is brought near the 
surface it might be completely oxidized and rendered comparatively 
permanent in form and position. It will be noted that the heaviest 
iron deposits encircle the St. Francis Mountains, except to the north- 
east, as though their distribution had been controlled by that center. 
The present distribution of the metals, however, has been compU- 
cated by elevations which took place at the close of Mississippian 
and Pennsylvanian time, respectively. These elevations, discussed 
more fully on page 32, shifted the culminating point of the uplift from 
the pre-Cambrian nucleus to the present center of the dome in the 
vicinity of Wright County, Mo., 100 miles west of the pre-Cambrian 
nucleus. The post-Mississippian elevations exposed to erosion the 
Mississippian and the Cambrian and Ordovician Umestones, in which a 
karst topography was developed. The limestones of both these periods 
contained disseminated metals, as is shown by Robertson's laige- 
quantity analyses. The Cambrian and Ordovician limestones, as 
already pointed out, contain lead and zinc in about the same propor- 
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tions as the ores now puned in the Joplin district, but the ICsEossip- 
pian limeatones contam a larger proportion of lead. This difference 
is perhaps to be explained by the greater exposure of the Mississippian 
rocks to erosion during the post-Mississippian elevation, the dis- 
seminated zinc content being more easily dissolved than the lead, 
which remained behind. 

After the deposition of the Pennsylvaman shales, the post-Carboii- 
iferous elevation resulted in the erosion of the Fennsylvanian and in 
the exposure of the Cambrian and Ordovician and the Mississippian 
limestones on the crest of the uplift. The initiation of a radial arte- 
sian circulation, with the crest of the dome as the receiving area,, 
established a new center for the dispersion of the metallic contents 
of the rocks. Hie limestones of the centralarea, having been Iwd 
down at a distance of a hundred miles or so from the pre-Cambrian 
nucleus, probably contained a larger proportion of zinc than lead 
and very much smaller proportions of the other metals. In the solu- 
tion and transportation of these metallic sulphides the rule enundated 
by Oottschalk and Buebler would again hold, and the ore deposits 
in the central area of the uplift should contain more lead and those 
farther down the dome should contain more zinc. This is found to 
be the fact, as shown below. The dispersion of iron from the new 
center is indicated by the ringhke arrangement of the scattered iron 
deposits -about the center. 

As the pre-Cambrian nudeus still retained its quaquaversal atmc- 
ture, the effect of the differential solution of the sulphides would be 
operative there also. Hie Cambrian dolomites adjoining the nucleus 
would be added to the crystalline rocks of the nucleus as a soiirce of 
the metalUc content of the circulating ground water. These lime- 
stones, we have seen, should be relatively rich in lead sulphide and 
the other sulphides that stand higher in the Gottschalk-Buehler 
scale, but should contain a relatively small proportion of zinc, Buck- 
ley ' comments on the absence of zinc in the mine waters of the 
disseminated lead district of southeastern Missouri, though Kobert- 
son's lai^e-quantity analyses show more zinc than galena in the 
pro-Cambrian crystalline rocks. Zinc can not be entirely absent from 
the water derived from the Lamotte sandstone, however, for a sample 
of the incrustation upon the screen of the outlet pipe at the reservoir 
of the waterworks at Bonneteire, Mo., the supply of which is drawn 
from the Lamotte sandstone, was analyzed with the results given 
below. The material was kindly furnished by Mr. O. M. Bilharz. 
The water in the reservoir comes in contact only with ordinary iron 
pipe- 

t. FiBDOob and Wuhlngtaii oonntlo: 
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Analytic of intnatationfiom walerworki reservoir at Bonnettne, Mo. 
[W. Oeotga Wariog, uislTit.] 
CbCO, Large. 



Pb 004 

Zn 0027 

Ni and Co No Uace. 

The material consiats almoat wholly of rslcium carbonate. 

Sphalerite has been found in recent years in the deeper workings 
of several of the lead mines of southeastern Missouri, the zinc content 
of the ore occasionallj amounting to one-sixth as much as the lead 
content. 

The accompanying map (PI. VII) shows that the economic deposits 
of zinc, lead, copper, iron, nickel, and cobalt are distributed about 
the dome in relations precisely accordant with the data given by 
Gottschalk and Buehler. The copper, iron, nickel, and cobalt and the 
heavy lead deposits of the southeastern Missouri area are represented 
by conventional signs, but the proportion of zinc to lead in the total 
ores mined in each county is shown by the black-face figures on the 
map. These figures are based on statistics of production by comities 
as given by Winslow,' supplemented by statistics of county produc- 
tion for later years, given in the annual reports of the Missouri 
Bureau of l£nes and Mine Inspection. Counties for which no figures 
are given on the map have no reported production. Counties marked 
"O" have been credited with production of lead but not of zinc. 
The line drawn th^o^lgh the counties which have produced about equal 
quantities of lead and zinc, leaving those with more than 50 per cent 
zinc on the outside and those with more than 50 per cent lead on 
the inside, is especially significant, because it incloses the two stnic- 
tm-al centers of dispersion of the metals and thus represents graphi- 
cally the selective solution and precipitation of lead and zinc sulphides 
as related to the artesian circulation of the Ozark dome. Lead is 
dominant over zinc within the line, though it extends in quantity 
beyond to the Pennsylvauian shale border, but it will be noted that 
the iron deposits are very nearly limited to the area within the line, 
those deposits outside the line occurring in the territory immediately 
adjacent to it. 

Indications of similar place relation of the ores to the intake of 
the artesian circulation are pointed out in the discussion of the origin 
of the ores of the Kentucky-llhnois fluorspar district (pp. 213-217). 

> Wtadow, Aitlmr, L«ad and linn dqinlts: Mlnoorl G«al. Sottb;, vol. T, pp. E07-S3S, ISM. 
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Referring to the lead and copper deposits of Wiaconam, Chsmberlin 
Bays:' 

On pages 72 to 78 of the present volume [(i«oloKy- of Wiaconain, vol. 4] Mr. Strong 
hAS ieview«d more fully than any previous observer the facto at preeeut Bacerttunable 
in relation to the occurrence of lead in the Ix>wer Magneaiaa limeetone of the i^on 
lying unmediately north of what is recognized as the lead district proper, and to this 
[theee pagee] the reader is referred . On pages 69 to 72 ha has described the copper 
deposits of the same region, which should be studied in connection with the lead, 
since they belong to the same claa of depoeita and occur in eeeentiAlly similar 
situatioDB. • • • 

Ou pag«e 69 to 72 of this volume lii. Strong describee the copper deposits of this for- 
mation found in the metalliferouB area immediatoly north of the lead region, from 
which it appears that this ore, though not attaining, so far as past developments have 
demonstrated, industrial impwtance, yet has a development altogether exceptional 
in the formation in which it is situated; &x, although the Lower Magneeian lime- 
stone is fully developed and extensively exposed botli to the westward and north- 
westward, eastward and northeastward from this r^^n, it does not there present 
any noticeable traces of cupriferous ores. These localized deposits tlierefore fall in 
the same cat^ory with the ores that have formed the main subjects of our present 
discussion, and it is evident that this area is to be added to the heretofore recognized 
lead region, as forming one general mineral district. The force of this concluaion 
becomes more ee^tecially evident when we consider the fact that copper occurs at sev- 
eral localitiee in the heart of the lead r^ion and that at Mineral Point, in particular, it 
develops mines of economic importance. ■ ■ ■ 

Its [copper's] comparative frequency in the Lower Hagneeian limestone north of 
the lead region proper, where ifon also abounds but zinc baa not yet been found, may 
be r^;arded as lending support to the view that its distribution accords more closely 
with iron tban zinc. 

In a later paper Cox ' makes the statement that copper ore to the 
value of more than $250,000 has been shipped from the vicinity of 
Mineral Point, on the eastern border of the district. He describes 
a copper prospect near Gratiot, southeast of Mineral Point, which 
gives indication of developing a considerable body of copper ore. 

The rock strata in the upper Mississippi Valley district slope 
southward and westward, away from the Wisconsin uplift, and the 
artesian circulating water must flow in the same direction. The 
occurrence of deposits of galena, pyrite, and copper to the north, 
northeast, and east, up the slope from the main deposits of lead and 
zinc ores thus accords strictly with the place relation of similar ores 
to the Ozark uplift. 

ASSOCIATION OF THE OBES WITH DOIAmTTE ASH JASFXSOU). 
BBLATION8 Of THE UBTALS TO THE GANOUi: HINEBALS. 

The principal nonmetallic minerals and rocks associated with the 
ore deposits of the district are dolomite, calcite, secondary limestone, 
and jasperoid, a dark siliceous rock resembling chert, called cherokite 

< Chamberlln, T. C, The on d^xslts at aouthircetem WlsoonsEn: Ocolog; of Wlsoraigbi, vaL i, pp. I>l*i 
SIS, ttl, ISSZ. 
• Cox, G. B; Coppsr In gmlbwaiUni WlKomfa; Uln. md ScL Pmi, toL M, p. U2, VMt. 
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by Jenney and secondary chert by Winslow, Buckley, and others. 
Barite is also commonly associated with the ores in central Missomi 
and in the shallow mines of southeastern Missouri. Jasperold is the 
invariable accompaniment of the ores in the sheet ground, and in 
much of the open ground as well. Dolomite ("spar") is the gangue 
mineral in much of the open groimd above the sheet ground, and is 
the invariable accompaniment of ore in the rocks of Kinderhook age 
below the sheet ground. Dolomite occurs also with the jasperoid 
in the ores in the blanket breccia ground of the Quapaw district, in 
Oklahoma, as has been previously pointed out by the writer.' Where 
dolomite and jasperoid form the gangue of the ores in the open 
ground, they are likely to be s^regated by regions; that is, the gangue 
in a mine or closely related group of niines will be almost exclusively 
either jasperoid or dolomite. For example, the mining area south- 
east of Joplin is spar ground, whereas that south and west of Joplin 
is yery generally jasperoid ground. 

Though the dolomite and jasperoid seem thus to characterize 

different horizons or different areas, it is nevertheless true that 

their relation to each other and to the sulphide ores are in places 

so intimate .that they were evidently deposited simultaneously. 

OOOUBRBNOE AND POEMATION OF JA8PEBOID. 

Jasperoid, as has been said, is a dark, fine-grained siliceous rock 
resembling chert. It forms the matrix of the chert breccia in many 
of the confused-ground mines and is intercalated with the chert in 
the sheet ground. It consists of a fine-grained aggregate of quartz 
crystals and generally contains disseminated grains of sphalerite, 
galena, or dolomite, or all of them. These grains may be arranged 
in parallel lines, pving a banded appearance to the rock, as shown 
in Plate VI, A (p. 172), In the interstices between the grains there 
is considerable bituminous matter, and variations in the amount 
of the material in places give rise to a finer banding of the jasperoid. 
The appearance of jasperoid in thin section is shown in Plate VIII, 
A and B, illustrations presented by Smith.' 

The banding of the jasperoid, wldch closely resembles that of sedi- 
mentary rocks, its occurrence in fonns resembling mud pockets, 
its gradation at places into selvage and mud, and its occurrence as the 
matrix of breccias, as well as other features of it, have led to the 
general conclusion that it is a silicified mud. Smith made a careful 
microscopic study of jasperoid, however, and came to the belief that 
it is almost invariably the result of metasomatic siliceous replace- 
ment of limestone. He says : 

ItoccuislocaUy in lenticular fonns such aachwacterize the occurrence of limestone 
in chert, and the manner of ita occurrence in aheet ground suggests the replacement of 

' atebaithal, C. E., lUnoal nsouna ol DortbcesMni ObMioms: IT. 5. Gaol. Surre; BulL 340, p. 207, 

I SnUth, W. S. T., and Sleboittul, C. E., V. S. OeoL Suive; Oaol. Atlas, JopUn dflMOt ioUo (No. US), 

P-ll,iW7. .- , 
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aheets and leneea of limestone. More definite evidence is found in the fact tlut aH 
stages in ^le proceae of change from unaltered limestone to jasperoid have been 
observed, both megascopically and micrcecopically. CoiTob<n«tive facts are the 
occunence hete and tiiere of fosilB, paiticulaTly crinoid etems, in typical jaspenid, 
as well as the presence of gtylolites in a somewhat calcareous jaspennd at the Jack 
Jt^mson mine near Chitwood. 

The general procea of replacement, as shown by the microscope, is as follovs: Fiist 
a few scattered crystals of quartz appear in the limestone; this stage is seen in Plate 
VIII, A. With increase in the proportion of quartE the limestone decreases tiU in 
the lat«r stages the rock conmsts chiefly of a granular aggregate of quartz with scatteKd, 
ragged gTsins of calcite, mere remnants of tiie former limestone. Finally even these 
disappear. Some calcite remnants are often found, even in the occurrences oi jas- 
peroid which most resemble mud pockets, and many of the lighter colored of the 
narrower bands of the banded jasperoid, as already noted, contain readual calcite 
grains. The quartz in replacing the limestone does not assume the fossil forms shown 
by the unreplaced calcite, and these forms therefore persist only as long as the calcite 
remains. 

It seems probable, from their mutual relation^p, as well as from the fact tlut 
sphalerite is found in the limestene with the first appearance of the qoartz, but has 
not been noted in limestone wholly tree from quartz, that the sphalerite and qusiti 
h»ve developed simultaneously. That dolomite also has developed at approsimately 
the same time as the quartz seems probable from &eir microscopic chaiacters as veil 
as their general relations. 

This explanation of the raigin of jasperoid accounts for the scarcity of limestone is 
the ore depouts. In the sheet ground limestone is rarely found, jaspercdd occupying 
those poatJons in which limeetene would nwmally be looked for. In the bieccia 
depodts limestone blocks are sometimes found, but the chert breccia of many mines 
appears to be wholly free from limestone, although dolomite and chert may bord«r 
it on one side and limestone with chert on the other. While the relative propcdion 
of chert and Umestone in the Boone formation varies both vertically and hcnsontally, 
and while the ore l)reccias occur in the more cherty parts of the formation, nevettlie- 
less a considerable amount of limestene would naturally be expected with the biecciBa 
in most cases. The replacement of limestene by jasperoid would not only accotml 
for the appaient absence of much or most of the limestone to be expected in the cb«rt 
breccias, especially in those mines which are practically free from dolomite, as tlw 
Oionogo mines and those in the hard sheet ground, but would also explain Ute foe- i 
tuied beds of chert somedmes seen suspended in a matrix of jaspercad. | 

Under this view selvage is generally a weathered and semidecoin- 
posed jasperoid, and much of the black mud is simply the final st^ 
in the weathering and decomposition of the jasperoid. 

SHJCEOUS REPI^CEMBNT OF LrMESTONE. 

T. Sterry Hunt ' summarizes in the following words the resulls of 
the experimental work of A. H. Church ^ on siliceous replacement: 

He prepared a solution of silica in water by dialysifl, according te Graham's meliM, 
and found that when this solution, containing about one two-hundredths of olica >"■" 
impr^nated with a little carbonic acid, was filtered through fragments of cwi, ' 
large portion of carbonate of lime was dissolved, and the whole of the silica [*<'] 

1 Canadian Katuialtet, 2d sar., val. l, p. 49, isu. 

> On ihe composltJon, siructuie, and [ormsUon of beeldte: liODdon, Sdlnbaigh, aod DabUc ^^^ 
Hag. and Jour. Sd., tin air., tdL 23, p. 101, 1802; On silica, Cbem. News, vdL S, p. SS, lS6i. 
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nmorod [bom the solution]. Similfir resulte, though to a leas extent, were obtained 
wilii ahellB. In anoOier experiment a fragment of a recent coral waa fitted into the 
neck of a funnel, and a mlution prepared as above, with a little carbonic acid and 
contuning one one-hundredth of ffllica,was allowed to drop on the coral, and after 
slowly filtering through was found, bb in the previous experiment, to have abandoned 
the whole of ite ailica, while the coral had lost nearly all its lime, although retaining 
its structure in. a great measure. Jt was, however, covered with a thick film (rf 
gelatinous ailica. Mr. Church further observed that the addition of small portions of 
the solid carbonate of lime, baryles, or atrontia to a strong solution of pure silica caused 
it to gelatinize immediately; and according to Graham eolutiona of theee carbonates 
have Uie same effect. 

The maxdmum strength of a aolution which did not deposit a 
portion on standing was that containing six-tenths of 1 per cent of 
silica; a stronger solution invariably gelatinized after a time. 

BdU! OF OOIXOIDAL SILICA IN THE FOEMATION OF JASPEROm. 

Bain > has suggested that the silica of the jasperoid was deposited 
in a colloidal condition. The facts which leti him to this conclusion 
were: (1) Perfect OTstal outline of blende that is completely embed- 
ded in the jasperoid; (2) no indication that the blende was deposited 
in a cavity; and (3) no concentric laminations around the crystals, 
such as usually occur when a crystal grows in soft sediments. 

Kahlenbeig and Lincoln ' have shown that siUca is completely 
liydrolTzed long before the stage of dilution prevailing in natural 
waters is reached, hence the silica in natural waters must always 
occur as a hydrolyzed colloid. In Church's experiments, outlined 
above, it was found that the addition of a small portion of soHd 
calcium carbonate or of a solution of calcium carbonate to a strong 
solution of silica caused it to gelatinize immediately. When a recent 
coral was treated with a solution of sihca charged with carbon dioxide, 
it was found that the calcium carbonate had been replaced by sihca. 
The replaced coral was covered with a thick film of gelatinous siUca 
and was very soft. Bain cites Le Conte ' as spealdi^ of the silica at 
Sulphur Bank as so recent as to be still gelatinous, and notes Weed's * 
description of the sinter deposits of the Yellowstone National Park 
as showing that the sihca in hot springs, at least, goes through a 
colloidal state, taking eventually an amorphous or opaline form. 
Levings ' describes several occurrences of gelatinous silica aa follows: 

About fotir years ago, when the writer was connected with the Great AuHtralia mine, 
Cloncuiry, Queensland, a drive was beat out under the siliceous copper outcrop. 

> Balii, H. F., Vam HIae, 0. R., and Adams, Q. I., Pr«UmInu7 topoit aa Uie lead and iMo depoalta of tlw 
Ouikragkii: U.S. Oeol. Bomr Twenty-second Ann. Bept., pt. 2, pp. 106-107, IBOl. 

■ EaUenberE,L<wlB, and LtooolD, A. T.,B<^tUimoI silicates of the alkalies: Jour. Fhys. Chem., vol. a, 
pp. T7-S0, 18M. 

• Le Cimie, Joseptl, On the genesis of mBtalUIerausTSlns: Am. Jour. Sci., Sdser., vol. 26, p. 9, lSg3. 

' Weed, W. H., Fonnation Dt trSTertlne and siliceous slntoi by the vegstaUon of hot spilnjs: U. B. Geol. 
Bnrrey Ninth Ann. Sept., pp. BtS-flTS, 188S. 

* Lcrtnea, I. H., Dlsctimlan of an article on " Oels In relation to ore deposition": Inst. Uta. and list. 
Tma., Tot 31, pp. 47S-17S, IttU. 
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Water was continuoiuly floving thnm^ this ore body, whicti acted ba b. diainage 
conduit for tlie sunounding country. Numerous vugs were cut into, and silica in 
all stages of geUtiuizaticai was found, varying from a viscous fluid to veins which 
could be cut with a knife, like cheese. The filter dehydrated many samples; seme 
were inactically pure mAica, some contained carbonate of lime and carbonates of 
copper. In other Bamplea taken from solidified portions a complete gradation from 
mlica to calcite could be followed. Apparently silica and calcit« can be precipitated 
from the same eolutioa in any proportions. It may be mentdoned that the lode occurs 
indiorite. 

Some years previously, in Tasmania, some jellylike substance was brought for the 
writer to determine. It had been obtained from a vug in a Hiliceous copper lode, 
and contained some free slender quartz crystals about 2 inches long, both ends ol 
which terminated in prisms. Bome similar but better proportioned crystals about 
one-half inch long were also present. On examination the substance was found to 
be silica in a gelatinous state. The lode occurred in old sedimentary rocks. 

In this connection there should be noted the description (pp. 186-187) 
of the sediment from White Sulphur Spring. In this spring quartz, 
calcite, and pyrite are depositing simultaneously. 

Hatschek and Simon,* applying the principle of phenomena like 
Liea^aug's rings to ore deposition, made a number of experiments 
with a gold saJt dissolved in colloidal silicic acid in a test tube, 
pouring a reducing solution on top. Bands of precipitated metallic 
gold were formed in the silicic add, parallel to its upper surface, 
which were analt^ua to the rings of Ijes^ang. The authors argue 
that these experiments indicate that auriferous quartz veins in 
which the gold occurs in hands are due to this sort of diffusion 
rather than to tntistification. They say: ' 

When piercing the Simplon tunnel a vein of ullcic acid in the gelatinous condition 
was discovered, and it does not therefore seem too daring to assume a gelatinous state 
as the transition between the original liquid and the ultimate solid form of a quartz 
vein. The solution which contained the silicic acid may also have contained the 
gold salt, and when this solution set to a gel this salt would be distributed uniformly 
throu^out. It is, however, possible also that the silicic acid set to a gel first, after 
which the gold diffused into it. The reduction or precipitation of the metal was a 
subsequent process, and the reducii^ t^:ent, as far as some alluvial deposits are con- 
cerned, most probably was a gas. • * * 

Quartz veins with banded structure find a ready explanation with the (ormatim of 
the strata mentioned in experiment No. 6. If we ^ain assume a vein of gelatinous 
silicic acid with uniform gold contente, and we assume sur^e waters containing the 
reducing agent to follow the quartz vein from the surface downward through the sal- 
bands, we obtain ultimately a vein with bandsof rich quartz lying parallel to the vein 
walb at the outi^rop, gradually decreasing in richness as depth is attained, and simul- 
taneously loong the banded appearance. 

Brief reference has been made to the banded character of the 
jasperoid. A view of a specimwi of jasperoid exhibiting typical 

iHatsohek, E., BndBtnuBi, A. L., atblntAtatkntoiiTtdepaBitlaa: lusL Ittn. and KaL Trans., voL 
21, pp. Wl-iU, isia. 
■ Id*m,pp.Uft.457. 
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fine banding ia shown in Plate VI, A (p. 172). Smith ' desmhes it 
somewhat in detail as follows: 

Heie and theie the jasperoid is marked by bandB of greater oi leas width. The 
coaisei banding ia due to variations in the amonnt of contained sphalerite or dolo- 
mite. The finer banding ia in lighter and darker ehadea of gray, and, aa shown by 
the microecope, ia due to variations in tlie amount of interstitial bituminous matter, 
depending on diflerencea in t«Xture, or to variations in nuneial composition, such as 
the occurrence of calcite in some of the bands. Some of Iheae finer bandingB are 
curved, but most of Ihem are horizontal or nearly so and parallel to the broader bands. 
Many of them are near and parallel to the upper surface and eome extend only a part 
of the way acroas an ezpoaure of the rock. 

The resemblance of the banding of jasperoid to the banding 
obtained in the experimental work of Hatschek and Simon and oth- 
ers is marked. It seems not unreasonable to suppose that in cer- 
tain favorably situated areas gasea may have collected above the col- 
loidal jasperoid and effected the rythmic precipitation of the metals 
and the dolomite, while the bitumen collected in the interband areas. 
Such a colloid would not oS&i strong hindrance to the diffusion of the 
ore-bearing solutions or to the expansion of the growing ore crys- 
tals. Ag£on, such a colloidal mass would be effective as a support for 
the smaller chert fragments, the present position of which indicates 
t^t they floated in the nascent jasperoid matrix. Even if a portion 
(perhaps the major portion) of the jasperoid originated through the 
replacement of limestone, as determined by W. S. T, Smith, the 
replacing silica may for a time have been in a colloidal state. 

OCCUBKBNOE AND FORMATION OF DOLOMITB. 

Dolomite occurs in three forms in the Joplin r^on. A fine* 
grained buff variety evidently resulted from the dolomitization of the 
limestone in place without alteration of the bedding, for such beds 
of dolomite may at places be followed directly into unaltered beds of 
limestone. Though nowhere associated with areas of mineraliza- 
tion this form of dolomite is usually found where the rocks have 
been considerably disturbed by solution. This kind of dolomite is 
similar in textm-e to all the widespread formations of dolomitic 
limestone. A second variety of dolomite, usually called "gray spar," 
occurs in lai^ bodies of massive coarse granular texture, which 
lie adjacent to the ore in many of the ore bodies of the area. The 
<Tystals of dolomite in this variety of the rock are many times 
larger than those in the variety Gist mentioned, and show the curved 
faces characteristic of the mineral. The third variety of dolomite 
is known as "pink spar" and occurs in veins in both the foregoing 
varieties, or forms the lining of cavities or pockets in them. This 

I BmHh, W. 8. T., and Blebentba], C. E., U. B. OaoL Boirer OsoL AtlBS,ToplIa iUttUA bUo (No. lU), 
p. 13, &g. 21, IW7. 
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Tariety and calcite line cavities in the ore bodies in many plftces 
where the massive varieties of dolomite' do not occur, as, for instance, 
in chert ground. The crystals in pink spar are larger than those 
in gray spar, are pink in color, and are typically saddle shaped with 
curved faces. 

The following petrographic description of the dolomite of the 
region and discussion of its origin is given by Smith;* 

The dolomite gndns have in few or no caeee the medium or dark gray color whidi 
ch&racterizea the rock aa a whole, being usually pale gray with a pink tinge, idiich 
locMlly afiecta the tock maaa. The common dark color of the rock is due to intentitial 
matter, onUnarily seen megascopically as numerous small dark-gray or brown to 
blackish specks. The amount of these impurities is variable, but all the dolomite 
contains tiiem to a greater or less extent. The dolomite has as a rule a rather tough 
surface of fracture, on which the rhombcdicdTal forros of many of the grains may often 
be mode out. 

Hicroecopically the texture of the dolomite approachea panidiomorphic granulu. 
The angular spaces between the grains are most commonly filled with jasp^oid, 
which contains in places a small proportion of dolomite and is usually of a biownidi 
color from bituminous impregnation; but in many specimens bituminous matter 
forms the predominant filling of the intcrgranular spaces, in whldi case they are 
generally dense or opaque. These bituminoue areas form the dark specks seen in 
the hand q>ecimen. 

Jasperoid was found in the majority of the masaive dolomites examined. It occnn 
intermixed witli the dolomite in all proportions, though aa a, rule the amount is smaU. 
Analyses indicate approximately, by the percentage of ailica, the proportions of 
jasperoid commonly present in these dolomites. As already noted, jasperoid and 
dolomite are sometimes found grading into each other. 

That the maauve dolomite has been formed by the dolomitization of limeatone it 
shown by the general limitation of its occurrence to the ore deposits, by the incluson 
in it of beds and lenses of chert, and by the local occurrence of limestone in the proc- 
ess of passing over into dolomite. In this process the fossils are as a rule completely 
oblitwated. 

DOLOMITB AND JASFEBOID IN THE ASPEN DI8TBI0T, COLO. 

The gangue minerals associated with the ore deposits of the Aspen 
district of Colorado are very similar to those that accompany the ore 
deposits of the Joplin district. There, as in the Joplin district, the 
ores are associated with jasperoid and dolomite. Barite is plentiful 
at Aspen. It is not plentiful in the Jophn district, but it is plentiful 
in central and southeastern Missouri. Spurr' says: 

This local dolomization almost invariably accompanies the ore. Even when the 
latter is in blue limestone there is dsually a sort of envelope of dolomite around it, 
whidi in turn is surrounded by the limestone. In rare cases, when the ore is directly 
inclosed iu blue limestone without such an envelope, its analysis ahows the presence 
of magnesia, while the limestone is almost entirely pure. 

The microscope aSords means to trace the alteration of the blue fixaminiferal 
limestone into dolomite in its varioua atBges. In this process the coarse caldte be- 

1 Smith, W. B. T., BUd SlebentHal, C. £., U. S. Geol. Surve; QeoL Atlas, ]oplln dlstrlat (OUo (Na 118), 
p. H, 1907. 
• 8pQiT,I.E.,aeologT at UjeAspenmlalT^ district, Colo.: U. B.Oeol. SnrvsjUon.Jl, pp. 310^11,1888. 
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txeaea broken up into smaller crystals, which assume the ihombohe3ral form sad 
the yellowieh tiiige distinctive of dolomite. The characteristic structure of the blue 
limestone persists for a time during this alteration, but becomes fainter as the crys- 
tallization proceeds. The coarsely crystalline calcite and the cryptocrystalline 
Tftriety which form the two distinct phases of the blue limeBtonc both become finely 
crystidliae dolomite, but the texture of the two varieties continues different t<a 
some time. The dolomite oft«n incloeee small grains of pyrite or is stained by dis- 
seminated limonit«. 

SpiuT finds that the local dolomitization, associated with water- 
courses, is not due to the surface water of the present time for, 
describing certfun springs and waters inflowing along faults, he sajs:^ 

nieee waters, which evidentiy come mjdnly from the surface, do not appear to 
exercise any dolomizing influence on the limestjiae which tbey tmveree, and the 
phenomena of dolomization, eilicification, and ore deposition along the faults show 
that the waters which produced them were in some way more potent tban the cold 
waters which now circulate undeiground. 

At Glenwood Springs, Colo., 40 miles from Aspen, Spmr found 
that the water of the Yampa Spring (No. 31 in the synoptical table 
and table of andyses) was accomplishing a dolomitic replacement 
of the limestone on the side waUs of its channels. This water con- 
tains free carbon dioxide and hydrogen sulphide in notable quantities. 
Spurr gives analyses of the wall rock taken from different places to 
ahow that there is a progressive increase in the magnesia and silica 
content of the rock in proportion as the water has had access to it. 
His description of the progressive alteration of limestone to jasperoid 
is very similar to the description by W, S. T. Smith of the similar 
replacement in the Joplin district (pp. 179-180). Spurr* concludes 
that the dolomitization and the silicification were contemporaneous, 
aa follows : 

From the association of jasperoid witb dolomite belonging to the second period, as 
well as from the evidence which microscopic study affords, it is clear that the quartz 
was deposited at tiiB same time and under the same conditions as the magnesia. In 
the case of the dolomite the conclusion has been arrived at that the change from 
limestone has been broi^ht about by ascending magnesia-bearing waters, and it has 
been shown that such a change is now going on at Glenwood Springs. The compara- 
tive analyses which were cited to prove this phenomenon at Glenwood Springs also 
show an accompanying ulicification, which is actually being brought about by the 
ascendii^ hot waters. 

SPRING DEPOSITS AT SULPHUR SPRINGS, ARK. 

In the northwest comer of Arkansas, at the village of Sulphur 
Springs, there is a group of springs, two of which, known respec- 
tively as White Sulphur Spring and Black Sulphur Spring, have 
lately been described by the writer,* The springs emerge in the 
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valley of Butler Creek, the rock imderlying which belongs to the 
"YeUville formation," of Ordovician age. The Chattsnooga shale 
outcrops in the hills at an altitude of about 50 feet above the 
floor of the valley. The springs are walled up and cemented, their 
basins being about 2 feet in diameter and 6 feet deep. The tempersr- 
ture of the water is that of the basin, and is the mean annual tem- 
perature of the re^on for that depth. Both springs contain notice- 
able quantities of hydrogen sulphide gas and deposit a sediment in 
the bottom of the basin. The sediment from the White Sulphur 
Spring is almost black. The water from this spring is No. 35 in the 
synoptical table (p. ISO). Analyses of these sediments, given in 
the table of analyses of reservoir sediments (p. 164), show the pres- 
ence of lead, zinc, copper, and iron in each. Megascopic examina- 
tion of the sediments shows the presence of a considerable quantity 
of crystallized pyrite in each. In the hope that the microscope 
might reve^ some crystals of sphalerite or galena, the sediments 
were submitted for closer examination to H. E. Merwin, of the Geo- 
physical Laboratory of the Carnegie Institution. The results of this 
examination, though disappointing in not yielding crystallized sphal- 
erite or galena, are nevertheless valuable and interesting and are 
given herewith.^ 

MioaoBOOPio EXAMnrATioa or dbfosits or Bui^PHmt spaivos. 

B7 H. E. BIEBWIN. 

Slack Sulphur Spring, — The noteworthy constituente of the sedimeots axe quartz 
graina and quartz crystals, pyrite, and impure calcite concretions. 

Many of the irr^ular gr^ne of quartz and also those that still retain crystal outlines 
have been ao much coiroded that their surfaeee are spongy. 

The calcareous concretions are not numeroue and are small (diameter about 0,5 
millimeter). Thoy have radial structure but irr^ular surfaces. The refractive 
index of crushed fragments is considerably higher than that of pure calcite, but the 
concretions effervesce freely in cold dilute acid and the resulting solution reacts 
for iron, evidently showing that the concretions are not dolomitic. The maximum 
refractive indes, 1.69—1.71, Ib too high for aragonite. 

The pyrite occurs in nodular aggregates, the largest about 3 millimetetB in diameter, 
and in single crystals as luge as 0.4 millimeter in diameter. The cube and octahe- 
dron are the only forms recognized. The cube faces show no striations and are much 
less bright than the octahedron faces. By growing into the spongy surfaces of quarts 
grains the pyrite becomes firmly attached and joins the grains into groups. 

Many small aharp-angled, bright-faced quartz crystals, 0.5 millimeter in diameter, 
were attached to etched quartz grains in such a way as to indicate that deposition of 
quartz takes place in parts of the spring, probably at a distance from the source of 
supply. 

WhiU Sulphur Spring. — Pyrite and calcite are the only minerals that appear to be 
depositing in this spring. The pyrite is in nodules and single crystals, as in the other 
spring. 

Distinct calcite crystals 0.3 millimeter long were seen on a piece of iron wire taken 
from the spring. Smaller crystab form an oozy deposit, and other small crystals are 
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a^T^ated into heavy gnina. All these cryatala have the optical propertiee of nearly 
pure calcite. 

The grains of quartz, pyrite, and calcite are etched and pitted, but te a very much 
leas iegne than in the Black Bulphut Spring. Uany of theae grains are double pyra- 
mids with angles only slightly rounded. Thoii OTigin is not known. 

The cited analyses of the waters of White Sulphur Spring and 
of Black Sulphur Spring and their sediments show that they have a 
high content of chlorides and alkali metals, similar to that of the 
deep-well waters, and that, like many of those waters, upon standing 
they deposit a dark sediment which contains the metals as sulphides. 
The sediments differ from most of those deposited by deep-well 
waters, however, in containing crystallized sulphide of iron, calcite, 
md quartz. It was to be expected that the sediments might show 
dolomite as well as calcite, for the waters contain relatively large 
proportions of magnesium, but the microscope revealed no trace of 
crystallized dolomite, and the analyses of the sediments show that 
the magnesium is deposited in relatively small quantities. Never- 
theless, it appears to the writer that these waters, which come from 
the same geolo^c horizon as the deep waters of the Joplin region 
and are similar to them and to the Miami mine waters in quaUty and 
that deposit, as those waters do, calcite, quartz, metallic sulphides, 
and crjTBtallized pyrite, were undoubtedly capable not only of de- 
positing the ores of the Joplin region but also the gangue minerals 
and rocks, calcite, secondary limestone, dolomite, and jasperoid. 

OOUPABISON OP ACTION OP SDBFAOB AND ABTBSIAJf WATEBS IN 
RELATION TO THE POEMATION OF JASPBBOID AND DOIX)MrrB. 

If, as Smith > has shown, the jasperoid and dolomite that accom- 
pany the ores were formed by replacement of limestone, the replace- " 
ment was doubtless effected by the ore solutions. If it can be shown 
that ascending solutions were better constituted to accomplish this 
replacement than laterally moving solutions or solutions descending 
from the Pennsylvanian above, we may cite the occurrence of the 
jasperoid and dolomite with the ores as evidence of the artesian 
theory of the origin of the ores. 

Winslow ' points out that a tongue of Mississippian rocks extends 
from the Joplin r^on eastward toward the center of the Ozark region 
and infers that this was probably a trough during the erosion interval 
juat antedating the Pennsylvanian deposition. The erosion of the 
Cambrian and Ordovician dolomites higher on the dome would sup- 
ply magnesium to the waters flowing down this trough and result in 
the local dolomitization of the Mississippian limestone. 

1 SmlOi, W. 8. T., uid Sielienthal, C. E„ U. S. Geol. Survey Geol. Atlaa, Joplin dlatricl (olio (Ng. 148), 
p. K, 1907. See quotatioiu an pp. 170-180 and 1S4 of Ibis report. 
■ Wlmlow, Artbur, Lead and ilnc depoalls: lUssourl Geo!. Sarvey, vol. 7, p. 4S5, 18H. 
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Bucklej and Buehler^ beLieve that the shales and thin beds of 
limestone of the Pennsylvaman ^ries are the source of the magnesium 
required to form the dolomite, the metal being taken into solution 
from those rocks as they were weathered and eroded, and the solution 
being carried down into the Mississippian rock, produdng local 
dolomitization. 

Bain ' holds that the ore metals and the magnesium were derived 
from the dolomitic limestones of the Cambrian and Ordovician and 
brought into their present situation by the water of the artesian cir- 
culation, which also carried the sihca that locally replaced the lime- 
stone by jasperoid. The writer also holds this view. 

The following tables show the sihca and magnesium content of the 
waters of springs in the Pennsylvania!! shales — waters, according to 
the hypothesis of Buckley and Buehler, representing descending solu- 
tions; of springs in the Mississippian limestones representing the 
laterally moving solutions, considered by Schmidt and others; and 
of waters of deep wells drawing their supply from the Cambrian and 
Ordovician rocks, representing the ascending artesian solutions cour 
sidered by Bain, Smith, and the writer. The analyses givai in the 
first table have been compiled from Schweitzer;* the others are com- 
piled from tables of analyses given on pages 124-140. 

BUioa, caldum, and maynwiwm content of waters of tpringt supplied from Peniuylra- 
nian rocks of Missoun. 
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1 Buckle;, E. R., and Buehler, E. A., The geoli^j-or the Oranbyarea^ Ulssouil Bni, Geology mil KiaK 
VoL4,p.21,1006. 

■BatD, H. F., VenHlse, C. R., Eind Adams, a. I., Pielfmlnary report on the kad and itocdcpostBcf 
Sis Oiart region: U, S. Geol. Survey Twenty^second Ann. Hept,, pt. 2, pp. 209-211, 1901. 
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The table last presented shows that the average spring water in 
Pennaylvanian rocks is well supplied with silica and contains a fair 
proportion of m^aesium to calcimn. The waters of the springs in 
the Mississippiau rocks, on the contruy, contain much less silica and 
only about one-third as much m^nesiiuu in proportion to the cal- 
cium. The waters from the deep wells, though containing still less 
silica, carry nearly twice as much magnesium in proportion to cal- 
cium aa the waters from the Pennaylvanian rocks and about five 
times aa much as the waters from the Mississippiau rocks. The con- 
sideration of these facts would naturally lead to the conclusion 
that the waters from the Pennsylvanian rocks would be the most 
effective in silicification and that the deep-well artesian waters would 
be the most effective in dolomitization. 

The table abo shows the silica, lime, and magnesia content of 
water from White Sulphur Spring, at Sulphur Springs, Ark., and 
from Yampa Spring, at Glenwood Springs, Colo. Classified by geo- 
chemical character both these spring waters, as shown in the syn- 
optical table (p. 160), fall among the deep-well waters of the Joplin 
region and resemble the water of the ocean, according to Dittmar'a 
analysis (No. 52 in the synoptictd table), although ocean water con- 
tains a much higher proportion of magnesium to calcium than the 
well waters. The average well water contains about seven-tenths 
as much total reactu^ weight of magnesium as of calcium, whereas 
the total reacting weight of magnesium in ocean water is more than 
five times as great as that of calcium. It is very generally be- 
lieved that widely extended beds of finegrained dolomite the world 
over have been formed on the bottom of the sea by the reaction of 
unconsolidated calcareous deposits with the m^nesium salts held in 
solution in sea water. 

In the deep artesian waters of the district, then, we have : (a) Waters 
that, in their content of carbon dioxide and sihca, resemble the experi- 
mental solution with which Church obtained a siliceous replacement 
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of limestone; (&) waters tliat closely resemble the water of Tampa 
Spiing, which, as Spmr has shown, dolomitizes and silicifies the wall 
rock of its channel; (c) waters that, except in degree of concentra- 
tion and relative proportion of magnesium to calcium, are closely 
related to sea wat^; and (d) waters that are identical with the waters 
of Sulphur Springs, Ark., which are depositing crystallized quartz, 
calcite, and pyrite, as well as uncrystallized sulphides of lead, zinc, 
and copper. 

Waters of this kind, carrying a relatively high content of magne- 
sium, on rising to the surface under artesian pressure through non- 
magnesiaa limestones exchange magnesium for calcium through 
mass action. The carbon dioxide in the water, which is in part com- 
bined with mf^esium to form magnesium bicarbonate and in part 
combined with the heavy metals to form bicarbonates will enter into 
a new combination with the calcium of the limestone, taking it into 
solution and throwing down m^:nesium and the metals. It may 
reasonably be inferred that such water must deposit abo silica, and 
this inference is confirmed by Spurr's observations of the action of 
the water of Yampa Spring and by the results of Merwin's examina- 
tion of sediments from Sulphur Springs, Ark. As the supply of the 
solutions is constantly renewed the dolomitization and silicification 
will progress until the final result is dolomite and jasperoid. 

ABSENCE OF DOLOUTTE AND JASPBBOID IN UI8SISSIPPIAK BOOKS 
BENEATH THE PENNSTLVANIAN EK OTHER EEGIONS. 

The writer is familiar with the tmconformable contact of the 
Pemisylvanian and Mississippian rocks in Indiana and has not there 
seen either jasperoid or dolomite in the underlying limestones of the 
Mississippian, such as should have occmred if dolomitization and the 
formation of jasperoid were produced by surface waters deriving 
their magnesium and silica from the Pennsylvanian shales. As Bain • 
has pointed out, the reports of the geological surveys of Illinois and 
Iowa appear to record no observation of the presence of dolomite or 
jasperoid in the Mississippian rocks that inmiediately underlie the 
Pennsylvanian in those States. Neither has the writer observed 
dolomite or jasperoid in limestones of ICssissippian ago in contact 
with the Pennsylvanian rocks at points remote from ore deposits in 
that part of Arkansas or Oklahoma with which he is familiar. He 
has traversed the outcrop of Fort Scott limestone for nearly a hundred 
miles and has seen no jasperoid or dolomite in that limestone, yet it 
is intercalated between two shale formations of the Pennsylvanian 
B^tem and is in a position where it was likely to be affected by waters 

'Batn,H.F.,RevlairatspeoMrBpoit[mlca(landiliiobyE.Hu>ortliaadotlMn: Econ. Oaologj, voL 
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passing through the Fennsylvanian shales. Buckley ' notes tlie 
occurrence in southeastern Missouri of fine marble beds in the series 
of shales and limestones which has been called the Davis formation 
and remarks that a large number of beds of limestone occur in the 
formation, though the overlying and underlying formations are easea- 
tjally doloinites. 

OONOLTJ8ION. 

Botli the m^ascopic and the microscopic character of the ore 
and gangue shows that the ores, the jasperoid, and the dolomite, were 
deposited from the same solution, for the most part simultaneously 
and in the main as by replacement of limestone. The experiments 
of Church (see pp. 180-181) show that in solutions codtaiuing silica 
and carbon dioxide ^mesfcone is replaced by silica. The solutions 
from which the ores, the dolomite and the jasperoid, were depodled 
must therefore have contained carbon dioxide, silica, calcium, mi^- 
nesium, the metals of the ores, and hydrogen sulphide or sulphate 
radicle in order to cause the precipitation of the metals as sulphides. 
The artesian deep-well waters of the region contain theeo substances, 
and they are now depositing the metals as sulphides in reservoir 
sediments. Sea water, the greatest f^nt of dolomitization, if classi- 
fied geochemically, falls near the deep-well waters. The water of 
the Yampa Spring, which, as Spun- shows, has both silicified and 
dolomitized the limestone adjacent to its channel, falls near the 
deep-well waters in the geochemical classification and has similar 
characteristics. The water from White Sulphur Spring at Sulphur 
Springs, Ark., also falls near the water of Yampa Spring in the classi- 
fication. Chemical analysis of sediment from this spring and from 
the similar Black Sulphur Spring shows they deposit zinc, lead, cop- 
per, and iron. Microscopic analyses of the sediments show that the 
springs are depositing crystallized pyrite, quartz, and calcite. Dolo- 
mite and jasperoid have not elsewhere been formed in the limestones 
below the Fennsylvanian, where the circulation was never artesian. 
In the Joplin region, as is shown on a later page, dolomite, jasperoid, 
and ore are not found above the Chattanooga shale where that fonna- 
tion is continuous and efficient as a barrier to ascending solutions. 

It may therefore be concluded that the association of dolomite and 
jasperoid with the ore deposits of the Joplin r^on is evidence that 
they were formed by ascending solutions similar to the artesian cir- 
culating water now rising in deep wdb in the Fennsylvanian area 
west of the Joplin region. 

lied lead depcellB ol St. Fnnools nd WtMhingtiai cMDitM: 
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BELA.TION OF THE JOPLIN OB.B DEPOSITS TO TEE OEATTANOOOA 



ORE DEPOSITS AT THE HOBtZON OP THE CHATTANOOQA SHALE. 

Buckley and Buehler have formulated a critical teat for the theory 
fliat the JopUn ores were deposited from circulating artesian water. 
This test involves the relations of the deposits to the Chattanooga 
shale and, in substance, is that the ascending metaJ-bearing solutions, 
coming into contact with the " Devono-Carbonif erous " shale, should 
have their metals precipitated in part by the organic matter of the 
shale or by the hydrogen sulphide gas originating in the shale, and 
that deposits of average or greater richness in lead should be formed 
at or near the horizon of the shale. They say: • 

Aa this circiilatioD etarte upward, through the Devono-Carboniferous shiiles, it will 
be brought at once into contact witb the very abundant organic matter which the 
third premise above would cause theae ahalea to contain. As already shown, the 
presence of this organic matter tonns reducing conditions and the source of hydros 
gen sulphide. The latter ia probably the main precipitant of organic origin, and in 
tiiifl diacuBsion will he the precipitant referred to. 

The inatant hydit^n sulphide ia introduced into the aolutiona carrying lead and 
sine aalta we have the condiliona for precipitation. As a result, the aulphide would 
be depoeited aoou after leaving these shales, if not actually within them. Coneidering 
the solutions as either alkaline or neutral, the hydrogen sulphide would at once pre- 
dpitate, together, the lead, zinc, and probably the iron as sulphides. If the alkaline 
Eolphidea were present in abundance, the iron might remain in solution as described 
on pi^ee 94 and 95, not being precipitated until coming in contact with acids or other 
etilta coming from surface wateis, in which case the iron sulphide would certainly 
be concentrated at a very high level, prohably near the level of the underground 

Had the upward circulating waters been acid, wljich would hardly be the case 
under the conditions cited, the hydrogen sulphide would at once have precipitated 
the galena, while the zinc and iron would have been carried upward until neutrali- 
zation had taken place, when they in turn would have been deposited. We would 
(herefore, iu the caae of an ascending acid solution, have obtained a vertical segrega- 
tion of the orea, with the galena occurring below the blende and pyrite. Thus, no 
matter what the original nature of the single ascending eolution, there would be 
lonned within or starting directly above the Devono-Carboniierous shales either an 
intimate mixture of the sulphidee of lead, zinc, and iron, showing little or no vertical 
Begregation, or one in which galena has been concentrated largely at the base of the 
depoeits, near the Devono-Carbonif eroua shales. • * * 

Wa know of no way by which the galena precipitated in the primary deposits in 
Ihe lower part of the formation could become segregated at upper levels by secondary 
concentration. Consequently, the galena ahould occur intimately mixed with sphaler- 
ite and pyrite in the primary deposits, under the conditions cited, wherever these 
primary depoeits are found. Furthermore, galena of undoubted primary concentra- 
tion should occur down to the Devono-Carbonif eroua shales. • • • 

If the ascending circulation carried the metallic salts and the required oi^anic or 
reducing material were present in the shales, the conditions neceasary for deposition 

■ Bockley.E. R.,andBuebler,H. A.gTliegeolagjDltbeaninbyum: Ulasouil Buc. Qeologf and Mines, 
ToLl, pp. 107-110,1900. 
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were evidently present thiou^out thu part of the fonnation. If this were the case, 
it ia hard to conceive why unift^mly thioi^out tlie district the depositB do not 
occur in this pwtion of the formation. 

The writer has pointed out that the term " Devono-Carboniferous 
shale" was used by Bain to denote the Devonian Chattanooga shale 
and the Carboniferoua shale of Kinderhook age. Only one of these, 
the Chattanooga shale, is notably rich in organic matter and can be 
r^arded as a precipitant for the solution. As the Chattanooga shalo 
is not widely distributed in the Joplin region, ore deposits should not 
occur in that formation "uniformly throughout the district." 

Three conditions are necessary in order to subject the artesian 
theory to this test, namely, (a) the Chattanooga shale must be pres- 
ent; (&) ore deposits must exist in the upper strata in the area in 
order to show that conditions will permit solutions to ascend through 
the shale; (c) sufficient deep drilling must have been done to establish 
the presence or absence of ore at the postulated horizon. 

The first condition eliminates all but one of the main producing 
camps of the Joplin district. Granby is the only important camp 
underlain by the Chattanooga shale. Fortunately, Granby has also 
been the scene of systematic drilling that reached to or beyond the 
Chattanooga shale. The Oranby Mining & Smelting Co. has very 
kindly furnished two charts of deep drilling in that region, dated 
July, 1907, and March, 1909. The area covered by these charts 
comprises 160 acres in sec. 31, T. 26 N., R. 30 W., just north of the 
town of Granby. From these two charts all the sections that 
represent drill holes which undoubtedly reach the Chattanooga shale 
have been arranged in Unear order on the accompanying chart (PI. 
IX). The records of shallow drill holes fmd holes not reaching the 
Chattanooga shale have been omitted. The horizon of the Chatta- 
nooga shale is that identified by Buckley and Buehler as "Devono- 
Carboniferous. " ' Inspection of the chart wiU show a very persistent 
ore horizon at the level of the Chattanooga shale. The irregularities 
of level that may be observed are due largely to the fact that the 
elevation of the surface was not taken into account in charting the 
records. 

An analysis of the charts of this drilling just north of Granby shows 
that 52 drill holes reached the horizon of the Chattanooga shale. 
Of these, 34 report "selv^e" or "clay," the driller's terms for soft 
shale, at the horizon of the shale. The shale was probably struck in 
a number of the other drill holes, but its occurrence in them is not 
noted on the charts, the narrow space in the columnar sections being 
taken up in delineating the ores found at that horizon. In several 
places, however, there is neither ore nor any indication of the shale, 
from which it must be inferred that the shale is not persistent so near 

1 SlicUar. E. B.,uid BoeUer, H. A., op. olt, Fl. V, lacbig p. 28, 
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to its northern limit. Of the 52 holes that reach the horizon of the 
shale, ore is reported at that horizon in 28 — galena alone in 10, blende 
alone in 7, and both galena and blende in 11, Nine of these 28 holes 
show also cuttings of ore at higher levels. In 8 the higher ore indi- 
cated is blende, and the remaining hole shows both blende and galena. 
In 19 holes, "mundic," or iron pyrites, is reported, associated with 
ore in 10 holes and occurring alone in 9 holes. The cuttings from 6 
drill hoW were assayed, the average blende content being 10.8 per 
cent and the averse galena content being 3.3 per cent, or as 1 : 0,308. 
If we take the production of the Granby district from 1893 to 
1904, inclusive, as given by Buckley and Buehler,' and complete it by 
adding the production for 1905-6 from the Joplin statistics of weekly 
sales and the production for 1907-1912 from the amiual volumes 
of "Mineral Resources of the United States," and if we calculate 
the metal content of the ores for the whole period by the average 
metal content (not recoverable zinc) for the years given in the "Min- 
eral resources," we have a total of 85,000 tons of zinc and 13,338 
tons of lead, a ratio of zinc to lead of 1:0.157, equivalent to a ratio 
of blende to galena of 1:0.122. On the other hand, if we take the 
total production of the Granby district from the time of the first dis- 
covery of lead up to 1893, as given by Winslow, and bring it to date, 
as above, we get a ratio of zinc to lead of 1 : 0.463, equal to a ratio of 
blende to galena of 1 : 0.359. If these ratios be compared with the 
ratio of blende to galena of 1 : 0.308, as shown by the assays of cuttings 
from the Chattanooga shale, it appears that the ore at the level of 
the shale is relatively richer in galena than the deposits worked dur- 
ing the last 18 years, and almost as rich in galena as the total ore 
produced to date. The high ratio of lead in the total production is 
the result of the preponderance of galena mined in the early years. 
The early mining in the Granby district was shallow and the ores were 
galena, cerusite, and calamine. Even now the output of calamine 
is two or three times as large as that of blende. The ori^al deposits 
of sulphides in the open ground at the base of the Pennsylvanian 
shale were oxidized, the zinc being in part carried elsewhere and 
deposited as calamine, the galena and some cerusite remaining. In 
some places the galena was probably residually concentrated, as is 
pointed out by Winslow. And as mining went on and became deeper 
the ratio of zinc to lead steadily increased, as is shown by the 
following table: 

Ratio of zine to lead in we produced at Granby, Mo., 1870-1912. 

1870-1879 1 : 0.84 

1880-1892 1 : 0.36 

1893-1906 1 ; 0.22 

1907-1912 1 : 0.18 



1 Bttckle;, E. R., and Basilar, H. i 
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If the average rate of production and the average ratio of zinc to 
lead for the last 6 years be maiatained for 15 years the ratio of zinc 
to lead in the total production at the end of that time will be just 
about that indicated by the assays of the deep drill cuttings. If the 
ratio of zinc to lead continues to increase it will, of course, not require 
15 years to bring the average down to that of the drill cuttings. 

The character of the ore solutions has been discussed rather fully 
in the preceding chapters. They were waters conttuning free carbon 
dioxide and hydrogen sulphide. Such waters may be very weakly 
acid, but they are not "acid solutions" in the sense in which that 
term is used by Buckley and Buehler in the foregoing quotation. 
They had in mind waters charged with sulphates and containing free 
sulphate radicle and free hydrogen ion; in other words, free sul- 
phmic acid.' Waters weakly acid with carbonic acid and hydrogen 
sulphide would act practically as neutral waters. Therefore, accord- 
ing to Buckley and Buehler, "the galena should occur intimately 
mixed with sphalerite and pyrite in the primary deposits under the 
conditions cited. Furthermore, galena of undoubted primary con- 
centration should occur down to the Devono-Carboniferous shales." 

We have found, then, at Granby, the only plac« where the test 
can at present be fairly applied, that: (a) There is a persistent ore 
horizon at the level of the Chattanooga shale; (6) that galena and 
sphalerite both occur at this levol; (c) that the relative proportions 
of lead and zinc at this horizon are practically the same as in the 
local deposits worked in the past and as hkely to be worked in the 
futiire, for, although this conclusion may seem to be the result of 
pushing rather far the results of assays of cuttings for 6 drill holes 
out of 28, yet it is corroborated by the fact that of the drill holes 
showing ore, 21 showed galena at the shale horizon as against 18 
that showed zinc; id) that pyrite occurs with the galena and blende 
at the shale horizon; and (e) that of the holes showing ore at the deep 
horizon, 9 showed blende at higher levels as against 1 that showed 
lead. It would seem to the writer that the facta are about as near 
to the postulated conditions as one could reasonably ask. 



The Chattanooga shale, as has already been noted and as is shown 
on the map (PI. Ill), is not widely distributed. Its northern edge in 
the Joplin region seems to pass near Miami, Peoria, and Granby, and 
to swing from Granby southeastward. The shale is not found at 
Quapaw, Galena, Jophn, Carthage, or Aurora. It is mapped at 
places southeast and southwest of Springfield by Shepard,' who also 

I Sm analysea of mliwral and mlnev&tas, quoted by Buckley nd Bushlv, op. cit, pp. 101-102. 
> Bbepud, E. U., A report on Or*ene Countr: Ulooorl Oul. Borva;, vol. 12, pp. 07-71, 1808. 
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shows isolated outcrops north of Springfield. It apparently occurs 
also near Ash Grove, as is shown by the section of the Pennsylvania 
Co.'s shaft given by Winslow.' From Granby southeastward to White 
River it does not outcrop and its margin is not exactly known. It 
occurs near Eureka Springs, Ark., and outcrops in the bluffs at the 
headwaters of White River, between Eureka Sprii^ and Fayette- 
viUe. It outcrops in a small area near St. Joe, Ark. It occurs west 
of Granby and FayettevUle wherever its horizon is at the surface, as 
far south as the lower stretch of Illinois River, in Oklahoma. The 
formation is therefore apparently persistent throughout that region. 
According to the artesian-circulation theory the distribution of 
the Chattanooga shale should show a clearly defined relation to the 
Joplin ore deposits. Where that shale is unbroken it should he 
impervious to ore solutions and should prevent their ascent into the 
Mississippian rocks above, and thus also prevent any ore deposition in 
those rocks. As a matter of fact, in the large area outlined on the map 
aa underlain by continuous or unbroken shale there b no workable 
deposit of ore nor, so far as is known to the writer, any deposit that 
contains dolomite or jasperoid. The smaller patches may, of course, 
divert the ore solutions but can not prevent their ascent into the 
Mississippian. The single lead and zinc mine in the southwestern 
part of Washington County, Ark., is probably near the southern 
edge of the shale, which thins out toward the south and is absent in 
the small upthrown area a few miles northwest of Bunch, Okla. If 
a small deposit should at some time be found above the shale it 
would not contravene the forgoing statement, for a small deposit 
might conceivably be due to a local artesian circulation in the Boone 
formation. 

PRESENCE OP ORE, DOLOMITE, AND JABPEROID ALONG THE SENECA 
FAULT WITHIN THE AREA UNDERLAIN BY THE CHATTANOOGA 
SHALE. 

The writer has elsewhere ' described the Seneca fault, which 
extends from a point several miles northeast of Spurgeon, Mo., 
southwestward to a point between Pryor and Choteau, Okla., a 
distance of about 70 miles. The fault is a double one, a long narrow 
block of Boone, Chester, and overlying rocks, from 200 to 1,300 
feet wide having been let down into the Boone formation. The 
throw of the faiilt ranges from a few feet up to 100 feet or more. 
The northern border of the Chattanooga shale is crossed by the 
fault near Seneca and the territory southwest of that city traversed 
by the fault is underlain by the shale. The whole course of the 

1 WbBloff, Attlmr, Lead and ilun depceits: Hlssouri Oeol. Baivey, voL 7, p. e2S, ISM. 
I SlebeathBl, C. &., Ulncml mourccs of mUtbeasUm Oklohama: IT. S. QeoL Satv«; BuU. 310, fp. 1S7- 
us,i»ae. 
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fault between Seneca and Spurgeon is marked by prospect shafU 
which have located more or less ore, and considerable miniiig hai 
been done at several places between these points and also southwesi 
of Seneca as far as the Sycamore Creek district, a distance of 3 milesl 
The ore foimd along the fault is marked by the gangue minerals that. 
are generally associated with it in the Joplin region — calcite, dolomite, 
and jasperoid. In the region southwest of the Sycamore district, 
however, for the remaining 50 miles over which the fault extends, 
neither dolomite, jasperoid, nor ore can be seen, although a few ' 
prospect openings lie along the course of the fault, and the fault 
zone, with its characteristic breccia, is exposed at several places in 
the bluffs of Neosho (Grand) River. Apparently the fault in this 
part of its course did not have sufficient throw to offset more than 
the thickness of the shale, or where the throw was greater than the 
thickness of the shale perhaps the shale was entrained in the fault 
plane and thus sealed the opening to the ascending circulating 
water. At any rate the Cambrian-Ordovician circulation does not 
seem to have made its way upward into the Mississippian rocks in 
this part of the course of the fault, for the breccia cement here 
instead of being the dolomite-jasperoid-ore cement found along the 
northeastern part of the fault, is exclusively calcitic, apparently 
having been derived by infiltration from the wall rock of Missis- 
sippian limestone. 

The writer regards the absence of ore, dolomite, and jasperoid 
where the shale is continuous and their presence where its continuity 
is broken by the Seneca fault as conclusive proof that the ore and 
gangue were derived from solutions ascending from the Cambrian 
and Ordovician rocks. 



A lens of Chattanooga shale intercalated between the Ordovician 
and the Mississippian would have the same effect on the artesian 
circulation as the "perched water tables" described by Veatch,' 
imposing certain irregularities on the artesian circulation, such as 
have been outlined in the chapter on underground circulation (p. 36). 
The lai^e, continuous sheet of shale just described, however, not 
only partakes of the westerly dip of the uplift but lies on both its 
flanks and forms a cap over its southwestern axial prolongation. 
The intersection of the border of the Chattanooga shale with the 
inner margin of the Fennsylvanian shale on the south flank of the 
uplift is near Fayetteville, Ark., where the top of the shale lies 

, N. Y.: U. S. OooL BorVBj Prof. 
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about 1,000 feet above sea level, and the simflar intetsectioik on the 
north flank is near Miami, Okla., where the top of the shale lice 
about 400 feet above sea level. The relation thus described has a 
significant bearing on the extent of the ore deposits of the Joplin 
r^ion, for it means that the Chattanooga shale slopes toward the 
Joplin distarict throu^ most of the distance between Joplin and 
Fayetteville. The axis of the uplift passes betwe^i Fajetteville 
and BentonviUe, as is shown by the deformation contoms (PI. TV). 
Water entering the Cambrian and Ordovician rocks on the higher 
central part of the uplift and flowing down the dome iinder artesian 
pressure will rise beneath the Chattanooga shale and tend to flow 
toward the highest part of tiio arched undersurface of the shale. 
In other words, the axis of the uplift thus becomes the main line 
of flow of the underground circulation in that direction. So too 
the BenyviUe-Joplin uiticUne wiD have a tendency to control the 
direction of the underground circulation. Having risen beneath 
the Chattanooga shale, which is continuous in the r^on about 
Fayett«viUe, Eureka Springs, Granby, and in the area farther west, 
the solutions have but two avenues of escape. Currents will be 
set up in these two direclioiis and in the rest of the area the circu- 
lation will remain impounded. The direction of these two cmrents 
and their relations to the structural axis, to the distribution of the 
Chattano<^a and the Pennsylvanian shales, and to the location 
of the mining districts of the Joplin region are indicated on the 
sketch map forming Plate X. 

After the Pennsylvanian shales had been eroded away there 
would apparently be surface outiets on the south side of the axis 
near Morrow, Ark, and Bunch, Okla., for the water beneath the 
Chattanooga shale. Lead and zinc ores have been mined at Morrow. 
Water circulating under the Chattanooga shale on the north side 
of the axis escapes only along the lower northern margin of the shale 
from Granby to Miami. It therefore flows beneath the Chattanooga 
toward that border, beyond which it ascends into the " open ground " 
of the Mississippian rocks and deposits its metals. The territory along 
the northern border of the Chattanooga shale is therefore favored by 
concentration in two directions. That is, the ore solutions in any 
sector of the dome will be concentrated in the subtendii^ segment 
at the inner edge of the Pennsylvanian shale; but the solutions that 
flow out radially beneath the Chattanooga shale wifl be carried to the 
north edge of that shale, where they wiU rise and be added to the 
normal radial circidating water of the adjacent sector. It is signifi- 
cant that this area, between Granby and Miami, includes the principal 
ore-producing districts of the Joplin r^on. 
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Almost every geologiat who has described the ore deposits of the 
Ozark r^oa has noted that the productive districts are distributed 
aroi ad the periphery of the uplift. Jenney • noted this distribution 
as follows : 

The ore depotdte are confined to limited areas, distributed without appareut r^u- 
larity over the uplifted regions but Bhowing some tendency te group near the mar^nal 
belta rather than in the central plat»ius. 

Haworth ^ thus described the arrangement of the mining camps . 

It will be noted that all of the prmcipal mining towns in the aouthweetem district, 
with the exception of Aurora and Wentworth, lie wiUiin a zone about 10 miles in 
width, which very closely parallels the axis ot the Ozark area. This same condition 
is shown to be true elsewhere. The lead and zinc owe of Hickory, Benton, Mt^- 
gan, Camden, Cole, and Miller counties in thec«utraldistrict, and of Franklin, Jeffer- 
son, Washington, Ste. Genevieve, St. Francois, and Madison counties in the eastern 
district, and the ore bodies near the boundary line between Arkansas and Misaoiui, 
on the south, all lie in this peripheral zone. 

Key^ ' emphasized the poripheral distribution of the productive 
areas about the uplift: 

The lead and zinc deposits of Uisaouri and Arkansas are not scattered promiscuously 
through the Ozark uplift but are confined to a welt-defined belt ofgreater or Less width 
which borders the basal margin of the dome and completely encircles it. 

The productive mineral-bearing belt is rather sharply delimited on its outer bordw 
by the margin of the coal measures. Its inner border is somewhat more irr^ular, 
owing to local peculiarities which need not be referred to in det^l at this time. There 
are some unimportant deposits within the main ore ring in positions su^eating f orm^ 
locations of (he belt, before the coal-measures maigin had moved so tar as it is at present 
down the slope of the dome. 

Smith ' likewise noted tiie circular zone of the mining districts: 

These four districts are arbitrarily choeeu so as to include the chief ore-producing 
centers. If all the scattered depomts known in the tepoix were included a continuous 
zone would be outlined, beginning with the Boutheaatem Missouri district on the 
east, circling to the northwest, then to the south not far from the margin of the Ozark 
uplift, and finally eastward along the northern slopes of the Boston Mountains. 

The peripheral arrangement of the productive districts about the 
Ozark uplift may be easily seen on the map (PI. III). If individual oc- 
ciurences of ore were shown the continuity of the belt woidd be even 
more striking. The one exception, already noted, is that the area 
underlain by a continuous sheet of Chattanooga shale contains no 
ore deposits. If the location of the ore bodies has been determined 

1 Jeane;, W. P., Tbe lead aad tJnc deposits of tlie Mississippi Vuller: Am. Inst. MIn. Eng. Trans., 
vol.22, p. 212, 1S»4. 

< Haworth, Erssmus, Spadal report on lead and itac: EaCBaa Univ. Oeol. Survey, voL 8, p. 104, IWH. 

■ Keyta.C. It., Geographic dbtrlbutlon of lead and sine deposits ot the MtsslsElpplValleyr Eng. aiidUln. 
Jour., vol. SB, p. lOM, 190S. 

< Smith, W. a. T., and SlebeDtbal, C. E., U. a. OeoL Serve; Oeol. Atlas, JopUn district rollo (No. US), 
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by the retreating edge of the Peimsylvamaii shale, which formed 
the outward limit of the artesian circulation, as set forth in the 
preceding pagea, the peripheral distribution is eaaily tmderstood. 
No other explanation is evident. 

This explanation is applicable also to the distribution of certain 
worked-out shallow lead deposits of the southeastern Missouri dis- 
seminated lead district, the location of which has been thus described 
by Buckley: • 

It is very significant that the ahallow minea rarely occur in the Bonneterre except 
where the overlying Davis ahale has been removed. It is also noticeable that theee 
mines are chiefly near the contact of the Bonneterre dolomite and Davis ahale. 

The Davis shale of Buckley overlies the Bonneterre limestone and 
both, in the main, dip away from the St. Francis Mountains. The 
Lamotte sandstone, beneath the Bonneterre, is saturated with water 
under strong artesian head. Before the region was drained by mine 
pumps there must have been an artesian circulation in the Bonne- 
terre as well as in the Lamotte, and the circulating water came 
naturally to the surface at the inner mai^in of Davis shale of Buckley, 
which he has described as an effective septum between the waters of 
the Bonneterre and the Potosi limestones. The area where the circu- 
lation reached the surface is marked here, as in the Joplin region, by 
ore deposits. That these deposits were smaU, and that many of the 
deeper and larger disseminated deposits are formed farther out, 
beyond the margin of what Buckley has called the Davis shale, and 
beneath the shfde itself, does not militate against this view, as in the 
opinion of the writer the recurrent portion of the artesian path, that 
is to say, the return flow beneath the impervious cover is, in the 
Joplin region, the portion most effective for ore deposition. In that 
region deposits of lead and zinc ores occur beneath the Pennsylvanian 
sbale cover several miles back from its maigiu. 

Winsl6w,* who postulatea descending or laterally moving solutions 
to explain the lead and zinc deposits elsewhere in Missouri, appealed 
to a distinctly artesian circulation to account for the deep dissemi- 
nated lead deposits of southeastern Missouri, as the following extract 
will show: 

The numerous vertical crevices furnished channels tor the flow of the solutionH. 
The sheets of galena frequently found in theee crevices prove that the solutions 
followed them. Titeee were sufficient to supply the ore of higher-lyii^ disseminated 
bodies. The conbaction and diaappeanmce of the crevices with depths make them 
inadequate for the deep deposit such as prevail along Flat River. For these ores we 
are inclined to refer to the underlying sandstone, which is in close proximity, as the 
solution carrier. This is saturated with water, much o[ which flows directly from 
decompoeiiig crystalline rocks. The sandstone itself contains particlee and fragments 

' Buckls;, E. R., Qeolog; of the dJssemJDBted lead deposits of Bt. FranooiB and Wasbington doudUbs: 
Hissoml Bui. Oeokigr and Mtjiea, 3d ssr., toL », p. 239 11M»|. 
t wfodov, JaOiar, Lead and ibK deposits: Ulssonrl OboL Bvnnj, vol. 7, pp. 4W-4ST, ISH. 



.t>oglc 



S02 ZINC ASD LBAD DBP08ITS 09 TBS JOPUN BBOION. 

of theee rocks, which must hold mare or leM of the melak. A downward flov of water 
toward Flat River and Bonne Terre u induced by reason of the slope of (he Archean 
floor, and also probably by Hie Fannington anticline to the eaat wliich we have 
deecribed. TTie water u thus under preamire sufficient for it to rise up through the 
Umeelones, and irtiere suitable physical and chemical conditions are reached the 
deposition of the ore will take place. 

In fact, Buckley * attributes the dissejninated lead deposits in part 
to artesian solutions: 

The di8Beniiiiat«d ore bodiea were in part the reeult of the abatraction of le&d frcmi 
waters circulating along channels and bedding planee in their journey from the aur&ce 
to the Band, and in part from solutions, under hydrostatic pressure, which rose along 
channels which extend upward into the dolomite frtm the underlying sandstone, 
nese channels, in scone instances, may have reached to the (^ of the Bonneterre and 
the small irregular disseminated ore bodies of the upper levels may have been f mned 
by these solutions. 

It would be difficult indeed to ezplwn, otherwise than by ascending 
solutions, the deposition of such ore bodies as Nason ' describes in 
this region as follows: 

At two shafts with which the writer is well acquainted, immediately under the 
slates [Davis shale of Buckley] was a lai^er or flat channel from which a lai^ quan- 
tity of surface {coarsely crystallized] lead was taken. 

In the upper Mississippi Valley region, according to Van Hise,* 
the Maquoketa ("Cincinnati") shale forms the upper limit of the 
artesian circulation. Here also the lead and zinc deposits are inside 
but adjacent to the inner margin of the shale. 

Similar relations of the ore deposits to an overlying shale cover 
are shown in many places on the map of the eastern part of the 
United States (PI. XI). 

LBAS AXD ZINC DKFOSITS AT OREAT DEPTHS. 

Cuttings from deep drill holes made at many places in the Joplin 
r^on, in Kansas northwest of the Joplin region, and elsewhere in the 
Mississippi Valley contain sphalerite and galena. Some of these 
cuttings were raised from depths greater than those to which it may 
reasonably be assumed that descending surface waters penetrate, 
and some of them were taken from points beneath very considerable 
thicknesses of Fennsylvanian shale. Zinc ore is reported in chert 
in the cuttings of a well at Stone City, Kans., at a depth of 591 feet, 
220 feet below the base of the Pennsylvanian shale.* The writer is 
informed by WUham Waugh, one of the drillers of the Stone City 

1 Buctle;, E. R., Oeoli^ of the dlassmbiated lead deposits of St. Francois and WasbluetDn conntlas: 
Ulssourl Bur. QMlogy end Ulna, vol. B, p. 234 |l«OB]. 

> Xason. F. L., The disseminated lead deposits of southeast Uhsourl; Eng. uid Uln. Jour., voL 73, p. MO, 
1B02. 

I Van Hlse,C.B., Some prlnclplescontrDlllne the deposition ol ores; Am. Inst. Uta. Eng. Trans., veL 30^ 
pp. lU-UO, IMl. 

~ ' ~ -. ■ - in lead end line; Kansas Univ. Qeol. Surrey, vol. 8, p. ffi, ISOt. 
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well, that cuttings from other wells which he has drilled in the Ticinity 
of Pittsbui^, Kans., hare shown galena and sphalerite ti^en from 
about the same depth as in the Stone City well, and that the showing 
of ore at some places would be considered good enough to justify 
sinking a shaft had it been fomid in the Joplin district and at shallower 
depths, 

A number of deep holes drilled in the Joplin district for water have 
struck deposits of zinc and lead at depths between 300 and 800 feet. 
The ore-bearing bed in the Granby district at a depth of about 300 
feet has already been noted. 

J. A. Udden records ' the occurrence of sphalerite in the cuttings 
from the Carbon Cliff well, 10 miles east of Rock Island, HI., at a 
depth of more than 700 feet in the Galena limestone. He also notes ' 
the presence of sphalerite in cuttings from a well at Peoria, 111., in 
limestone and shale, correlated with the Kinderhook, at a depth of 
699 feet. 

These occurrences of lead and zinc and the one struck in the d rilling 
at Belle Isle, La., to be described later, are easily comprehensible in 
the light of the art«sian-circulation theory and seem to be logical 
consequences of such a circulation of the ore-bearing solutions, but 
it is extremely unlikely that solutions moving directly downward 
from the surface could have deposited the sulphides. 

OBB DBFOSITS BENEATH PENHSTLTANIAN SHAI2. 

The zinc and lead ores at Miami, Okla., are in sandstone of Chester 
age that is overlain by Pennsylvaniaa shale and in the cherty Boone 
limestone that lies directly beneath the ore deposits in rocks of Ches- 
ter age. The sandstones associated with the ores are impregnated 
with bitumen, which causes trouble in concentrating the ores,' The 
ores have not been directly oxidized although they have been affected 
somewhat by solution, as is shown by the occurrence of etched crys- 
tals of galena and sphalerite in several mines. The work of draining 
the mines at Miami was heavy from the very hB ginnin g of minin g, 
One of the effects of the pumping was to dry up a large sulphur 
spring at a point not far from the end of the long nm in which the 
principal ore was found. This spring was well known, because the 
bog around it had yielded a lai^a collection of bon^ of prehistoric 
animals, which testified to its long existence. 

The mine water at Miami first pumped was highly chatted with 
hydrogen sulphide, and in early days, when the mine drifts were 
small, the gas was so strong as to affect the eyes of the miners, who 

1 Udden, I. A., An Bocount of the Faleoioto rocks Biplored by dtap boringg at Book lalaud, UL, and 
-Tiolnitr: U. B. OmL Surve; S«TcatMnth Ann. B«pt, pt. 2, p. Sae, ISM. 
J Uddm, J. A., AitcsUu walli In Peoria and violnlty: Illinois State QsoL Surrey Boll. S, p. 323, 1907. 
■ eiebtntlial, C. £., Ulneral nsouiccs ol norttieastera Oklahoma: V. B. Oeol. Survey Bull 3W, p. 3n, 
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could ther^ore work only in half-day shifta, or, when the gas was 
very stFong, in half-hour shifts. As tfining was continued and as the 
underground workings wfire made larger, the hydrogen sulphide was 
hardly noticeahle except in new and small diifte at some distance 
from the old workings, as described on pages 227-228. Similar 
occurrences of hydrogen sulphide gas in mine drifts in Kentucky 
have been reported by A. M. Peter.' 

According to the artesian-circulation theory of the g^iesis of the 
JopUn ore deposits, the first water struck in mines beneath the Penn- 
sylvanian shale — that is, the wat«r that comes into the mines when 
they are first opened, really the ground water of the region beneaUi 
the shale — should resemble the water of the original artesian circu- 
lation, which is represented by the waters of the deep wells in the 
Pennsylvanian area west of the Joplin r^on, wells that draw their 
supply from the Cambrian and Ordovician rocks. After the water 
table has been so much lowered by pumping that the water draining 
the eiuface strata passes downward to the mine drift, the mine 
waters are entirely diff^-ent from those first piunped. Very gener- 
ally in the Joplin region the water pumped from a mine just opened 
at some distance from older mines is at first potable. Later, owing 
to oxidation of ores in the upper part of the mine, it becomes unpala- 
table and even strongly acid. 

The analyses of deep-well waters already presented show that the 
water of the original circulation was alkaline-saline and contained 
free carbon dioxide and hydrogen sulphide. The aaalyses of the 
Miami mine waters, also presented herein, show that they are very 
similar to the waters of the deep wells. The abundance of hydrogen 
sulphide in the waters of the Miami mines has already been noted. 

The Miami mines are the only deposits beneath the Pennsylvanian 
shale so far worked in the Joplin region. The mine waters here are 
not only of the general character demanded by the artesian theory 
but differ from all other mine waters in the district and even from the 
waters of the interior deep wells, resembhng closely the waters of the 
deep wells at the border of the region. A sample of water from the 
Church mine, collected in 1911 (No. 18 in the table of analyses, p, 137), 
yielded on analysis a trace of zinc. An analysis of the water from 
the Chapman & Lennan mine, collected in September, 1912, when the 
mine was opened (see No, 30 in the table) yielded no zinc, but both 
this and the Church mine water contain hydrogen sulphide and corre- 
spond closely with the waters of the deep wells at the border of the 
region, among which they fall in the synoptical table (pp. 149-150). 
A second analysis of the Chapman & Lennan mine water (No. 71), 
made in December, 1912, after three months' steady pumping had 

?. 220 [IBoq; Nbuteaitti Ann. Btpt 
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dpEimed all the surrounding mines, shows plainly the influence of sur- 
face conditions in the doubled quantity of calcium bicarbonate. The 
oxygen and carbonic acid brought in by mine ventilation and the 
influx of some surface water were factors in the change in the water. 
According to the artesian-circulation theory the water first pumped 
from this mine represents the water of the original ore solution and 
the water pumped later represents a water that has yielded its metals 
and that has been contaminated to a certain extent by surface waters. 
The writer has already su^ested on p^e 34 that there is a reverse 
current beneath the edge of the Pennsylvanian shale bordering the 
artesian area. The occurrence of ore at Miami and its reported 
occurrence in Kansas several miles back from the mai^n of the shale 
show that the reverse circulation reaches back beneath the shale for 
6 or 6 miles at le&st from the border. Farther back, beyond the reach 
of this subshale circulation, the gcound water must be impounded 
and practically stagnant. The Pennsylvanian shale in this .region 
of subshale circulation lies on the old karst topography of pre-Penn- 
sylvanian time. The Mississippian limestone and chert rocks, which 
had been fashioned into the karst topography, constituted an emi- 
nently suitable site for ore deposition in the channels, cavities, and 
breccias which resulted from solution of the limestone. Here the 
slow-moving metal-bearing solutions with dissolved carbon dioxide 
and hydrogen sulphide would be under favorable conditions to per- 
mit the escape of the carbon dioxide with resulting precipitation of 
sulphides by the hydrogen sulphide. Exactly similar conditions 
must have obtained beneath the marginal zone of the shale during 
its entire retreat down the slope of the dome. It is believed that 
most of the open^ound deposits in the region were deposited in a 
position analogous to these deposits beneath the Pennsylvanian. The 
open-ground deposits are very commonly associated with shale 
patches which represent the "roots" of the downward extensions of 
the shale as deposited in the depressions of the karst topography. 

BrrDMEH AT IHB BASE OF THE PENNSYLVAIOAN' SHALB. 

At a place known as Tar Spring, on Tar Creek, about 6 miles 
north of Miami, Okla., a heavy bitumen oozes in considerable quan- 
tity from the bank of the creek at the contact of the Pennsylvanian 
(Cherokee) shale and the lower rocks. In the mines at Miami the sand- 
stones and limestones of Chester age at the same geologic horizon, 
the base of the Pennsylvanian shale, are impregnated with bitumen, 
which, as has already been noted, interferes seriously with the con- 
centration of the lead and zinc ores occurring in the same sandstone. 
In the same mines bitumen also oozes from crevices in chert of the 
Boone formation below the Chester rocks. The bitumen sometimes 
interferes greatly with prospecting by the chum drill. Bitiunen 
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occuiB in Uniestooe of Chester age at the base of the Pennsylraiiiau 
shale just west of Afton, Okla., and ako in pockets in the Boom 
fonnation in aseociation with the ore deposits of the JopUn n^on 
generally. 

When petFolenm is forced through a bed of shale it is fraction&ted 
into its lighter and its heavier components, Uie lighter parts passing 
through the shale and the heavier parts — that is, the bitumen — ^remain- 
ing behind. If the cturent canying the petroleum from which tike 
bitumen was derived was ascending, the bitumen would have been left 
behind at the place where it is now found — the base of the Penns^- 
vanian shale. Water ascending under arte^an pressure may drive 
oil out of shaly formations, but oil can not possibly go downward 
into shale, driving out water before it; and if it could, it woiild leave 
the fractionated bitmuen at the top of the shale. Hence the circulating 
water that left the bitumen, which is closely associated with the ores 
at Miami, was ascending, a conclusion confirmed by the analyses of iha 
bitumen. On the 240-foot level of the Lennan Zinc & Lead Co.'3 
mine in the Miami district the " tar" seeps from the chert wall of the 
drift and fonns a poo] containing several barrels. A sample of this 
bitumen and a sample of a similar bitumen found below the Pennsji- 
vanian shale in a bore hole in the northern part of the district, near 
the Kansas-Oklahoma State line, about S miles west of Baxter 
Springs, Eans., were analyzed by David T. Day, of the United Stat«e 
Geological Survey, who makes the following report showing the result 
of his analysis: 

I have examined the two Bamplea of "taz" from the Miami mining district of noctii- 
easteni Oklahoma. The examination shows that these tars contain only about S 
percentof hard asphalt uid would beclaesLfiedBaBsphalticoilB, and that they coneiet 
entirely of unsaturated hydrocarbons. Such hydiocaibons would not diffuse readil; 
through shalee or other very cloee grained rocks. The unusual fact that they contais 
no saturated hydtocaibons whatever indicat«H that a proportion of saturated hydro- 
carbons has escaped by difiuaion into the close-grained rocks, leaving this material as 
a residue. This is what would necenarily take place with a cnide oil, containing both 
aaturated and unsaturated hydrocarbons, in contact with Fennsylvanian shale, and 
would entirely accord with the idea you exprees in your letters as to the fractionstios 
of this petroleum at the base of the shale. 

THE PU!ASA2IT0N CIBCLB. 

According to Haworth,' a considerable quantity of lead ore and 
some zinc ore has been mined near Pleasanton, Linn County, Kans., 
about 50 miles within the border of the area of Pennsylvanian 
shale. The ores are said to occur in a circular disturbed area in 
the shale, about 50 feet in diameter. At this place there were three 
periods of mining activity, during one of which, about 1873, a shaft 
is reported to have been sunk to a depth of 250 feet. Between 1900 

I Hawortb, Erasmaa, Bp«oU lepon on iMd uid Eino: £ui8U Univ. OeoL Survey, vol S, pp. SD-TO, UOi 
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and 1901 another shaft was sunk to a depth of more than 100 feet. 
The base of the Pennsylvaman shale in ^at region is reached at a 
depth of about 500 feet. During the last period of mining about 
15 tons of lead ore was taken from depths of 65 to 85 feet. In all 
perhaps 50 tons of ore was raised, mostly galena. 

Haworth says: 

Thegalenstwasaf a h^h grade of purity, was not weathered or oxidized in the least, 
and produced brilliant euriacee on the crystalline faces, approximating in brilliancy 
fresh cleavage surfaces. This implied recent deposition, or at least a total absence 
of an approach towai^ disintegration or weathering. There was no indication of spring 
water or artesian water rising in the ore chimney, but everything implied that the 
water present was surface wat«r worldiig downward in a normal condition. 

This appears to be a "circle deposit" strictly analogous in struc- 
ture to the circle deposits of the Joplin district, except that both ■ 
the center (or core) and the side walls are shale, whereas in the Joplin 
district the core may be shale but the side walls are invariably 
chert and limestone. The circles of the Joplin region have originated 
by the dropping down of the central area, owing to solution of the 
underlying limestone. The shale center in some circles has thus 
been displaced as much as 200 to 250 feet. When the circles were 
first formed, before the Pennsylvanian (Cherokee) shale was eroded 
from the Joplin region, their upward extensions consisted of shale 
both as to core and side walls, and they must have presented much 
the same appearance as the Pleasanton circle. In order to produce 
this appearance the shale in the circle need not drop as much as 500 
feet, of course; a drop of a small part of that distance would prob- 
ably cause a break that would reach to the surface. The karst 
topography of the Mississippian limestone on which the Pennsyl- 
vanian shales were laid down doubtless extended as far northward 
as Pleasanton, and the conditions were probably favorable to the 
formation of such circles. 

In the absence of any other explanation of the local disturbance 
of the shale in the Pleasanton circle, and in view of what has been 
said above, it seems reasonable to conclude that this circle had an 
origin similar to that of the analogous circles in the Joplin district. 
If so, this circle reaches also to the Mississippian limestones and the 
way would be open for the ascent of the artesian water, which might 
be expected to deposit the metals in the brecciated shale just as 
sunilar waters rising through bore holes deposit the metals in the 
waterworks reservoirs in the same region. Haworth ' says there is 
no evidence that the circle has been filled with artesian water. In 
the absence of an analysis of the water, it is not clear what evidence 
would show that the waters were or were not artesian, unless it be a 
flow above the surface. But the elevation of Pleasanton, 862 feet 

'BawvOi, Enwoioa, op. qIL, p. 7A 
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above sea level, is probably too great to permit a flow at the surface 
in that region at the present time. On the other hand, the absence 
of oxidation of the sulphides indicates that they have not been sub- 
ject to the action of surface waters. 

Finally, if the disturbance does not reach the Mississippian and if 
there is no escape for the surface water in that direction, it is hard to 
see why there should he sufficient drainage toward this chimney or 
natural well in the shale to concentrate the metals from the sur- 
rounding shale. It seems more reasonable to think that the surface 
water would fill the chimney up to the water table, its level remain- 



FiGUBEB.— Cross sectfonul Belle Isle, Lb. (AIUi Vealcb, Louisiana Geal. Burrey Ann. Kept. lorlSSS, 
p. as.) 

ing stationary at that point, whatever rainfall was added flowing off 
laterally down the slope of the water table. Thus there would be no 
appreciable drainage from the surrounding region to the chimney 
and httle possibiUty for the concentration of ores in it. 

GAI^NA ANX> SPHALEBITB IN LOTTISXAJIA SALT MOUNDS. 

Veatch ' notes the presence of fairly large masses of galena, 
sphalerite, pyrite, chalcopyrite, and barite in clay strata pene- 
trated at a depth of 63 to 6$ feet by a salt shaft sunk on Belle Isle. 
The structure of Belle Isle (fig. 8} is very sharply anticlinal and tbe 
sulphides were found at the crest of the anticline, 45 feet above the 

I Veatcb, A. C, The live Islands; Louisiana Qwl- Sucre; Ann. Bept. lot 1399, p, Z25 [IBDOl. 
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first showing of salt Harris ' gives the log of a deep drill hole sunk 
about 100 feet south of the shaft. In this hole pyrite was found in 
shale at 100 feet and in limestone at 2,112 feet, and galena, chalcopy- 
rite, and pyrite were foimd in rock salt at 2,520 to 2,606 feet. SmEdl 
quantities of gas and oil were struck at several horizons; as well as 
deposits of sulphur, gypsum, and anhydrite. The sulphides thus 
occur to a greater or lesser extent in association with deposits of salt, 
gypsum, dolomite, barite, sulphur, oil, and gas. The sulphides consist 
of a^regates of sharp, unworn crystals, which evidently have not been 
transported but have been segregated in place in the clays. Shell 
beds involved in the dome structure contain shells of species now 
living in the Gulf of Mexico, a fact which seems to show that the 
period of the uplifting was Pleistocene or Recent, The country 
about Belle Isle is a salt-water marsh. From the surface of the marsh 
to a depth of 100 feet or so there are clays; below this come 300 to 
400 feet of gravels, in which there is fresh water under artesian pres- 
sure. Therefore the sulphides and salt can hardly have been con- 
centrated lateraDy from strata outside the present area of the dome 
since the dome was formed. Before the dome was formed the clays 
in which the sulphides are found were probably spread out hori- 
zontally some distance below sea level, and it is difficult to understand 
how the siilpliides could have been segregated in that position. Nor 
is it easy to see how they can have been leached from the clays mak- 
ing up the upper part of the dome and deposited by descending 
waters. The position of the sulphides at the crest of the anticline 
indicates rather that they were deposited by ascending solutions. 

Fenneman * cites the abnormally Mgh temperature of the waters 
associated with the oil and gas and salt domes of the Coastal Plain 
as evidence that they are ascending waters. He abo notes that some 
of the waters in these domes are as saline at depths of 100 or 200 feet 
as the waters of wells 2,000 or 3,000 feet deep ebewbere in the Coastal 
Plain, and this he cites as further evidence of their ascension. 

Harris accounts for the dome structure as the result of upward 
thrust due to the growth of crystals, chiefly of salt, in masses below, 
the salt crystallizing out of saline waters rising under artesian pres- 
sure. If the several domes be plotted by dots on a map and these dots 
connected by lines, the lines, according to Harris,^ represent series of 
northeast-southwest and northwest-southeast parallel faults, at the 
interaectioDS of which the waters under artesian pressure found a 
readier outlet to the surface. He holds that these artesian waters 

1 H«nia, a. O,, Oil and grain Loulsluu, with a brief sununory aCtheii: occuntnce in adjacfut States; 
O. S. Oeol. SuTTtT Bull. 42B, pp. 4*-45, 1910. 

> Fomemui, K. U;, Oil fields of the TeiBf-Loulalana Quit CtHstal Flals; U. 3. Oeol. Survey Boll. 2S2, 
pp. ia>-121, 1»09. 

■ Harris, G, O., Rock salt, lis origin, geologic aocurrenc«B, and econooilc importauoe In the State of Loolal- 
ana; Louisiana Owl. Surrey Bull. 7, pp. 7S-82, ISOS. 
845S1°— Bull. 606—15 14 
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were undoubtedly derived from tlie gulfward-eloping formaJions of 
the Coastal Plain of the Mississippi embayment. He points out that 
the great B&Icones fault in Texas has a southwest-northeast course, 
and that the Red River fault of Texas and the Alabama Landing 
fault of Louisiana have northwest-southeast courses, both systems 
being roughly parallel to the corresponding sets in the theoretical 
systems of faults. Some years ago Branner' discussed the relation 
of the Balcones fault of Texas and of other faults in Arkansas to the 
western maigin of the Mississippi embayment and the relation of 
faults in Alabama to the southeastern margin of the embayment. 
The views of Branner and Harris thus in a way supplement each other. 

Hill,* citing immense springs which rise ^ong the Balcones fault, 
had previously attributed the salt, sulphur, dolomite, gypsum, and 
other deposits of the mounds to replacement of limestone by artesian 
flows from the water-bearing beds of the Cretaceous which rise along 
faults and transport, besides the substances mentioned, gas and 
petroleum. It was early su^^^ted that the domes were caused by 
the intrusions of volcanic plugs, and Washbume » has further sug- 
gested that emanations from such intrusions which have not reached 
the surface have been instrumental in the formation of the associated 
deposits of salt, dolomite, and gypsum. On the other hand Ord6fiez * 
holds that the connection between the oil and the volcanic rocks in 
Mexico is exclusively mechanical, having nothing to do with the 
ori^ of the oil, which is beheved to be pm"ely oi^anic. Christie * 
quotes the explanation of Arrhenius that such deposits of salt as 
those of the mounds are due to gravity — the salt, being lighter than, 
the overlying rocks and plastic under pressure, is squeezed upward 
along lines of weakness. No matter which of the theories proves to 
be correct, the postulated conditions provide openings for the ascent 
of the artesian waters of the Gulf Coastal Plain formations. 

The waters that deposited the salt at Belle Isle deposited also 
sulphur, gypsum, limestone, and dolomite. Hence the waters were 
alkaline-salme sulphureted waters carrying a notable content of 
magnesium. This is hkewise true of the deeper waters of the Joplin 
region. The substances brought in by the solutions that formed the 
salt domes are lead, zinc, iron, and copper sulphides, salt, gypsum, 
barite, sulphur, dolomite, oil, and gas. Those brought in by the 
solutions that deposited the Joplin ores are lead, zinc, iron, and copper 
sulphides, dolomite, and a httle barite. Barite, however, is very 
plentiful in the central Missouri lead and zinc mines and in the 

■ Bremiar, 3. C, The lormer eiUnskiii of tlie Appolscblana acrou Uisslsalppl, LoubiHiu, and Taxas: 
Am. Joui. 8ci.,4thBer.,Tol. 4,pp.3«I-S8S, 1897. 

t nm, R. T,, The Bnaamont oil field, with notes cm other oil fields of tbe Texas legloa; FrankUn InsL 
Jour., TO). IM, pp. 273-281, 19(B. 

: Washbunw, C. W., Chlnldes In oil field waters: Am. Inst. Uln. Eng. Trans., vol. W, pp. aO-VBS, 1016. 

• Ord<Ulei, Eieqnlel. Tbe all fields ol itadto: Am. Iiut. Uln, Eng. BuU. M, p. ZG32, 1914. 
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shallow lead mines of southeastern Missouri. The general presence 
of bitumen in the Joplin district and the " tar" in the ores at Mami, 
Okla., have been noted on pf^;e3 205-206. Moreover, the deep waters 
of the Joplin district, especially those impounded beneath the Fenn- 
sylvanian shales, are relativdy rich in salt, sulphureted hydrogen, 
and calcium sulphate. The very close similarity of the deposits and 
the artesian waters of the saline domes to those of the Joplin r^on 
indicates similarity of origin. 

LEAD AXn ZINC DEPOSITS ASSOCIATED WITH OTEEB OSAKTI- 
CLINAI. UPLIFTS AND UABQINAL SLOPES OF THE CBNTBAL 
VAIiLET OF THE UNITED STATES. 

DEPOSITS m UPLIFTED ABEAS IN CENTBAL VALLEY. 
OZBXSAI. COHSITIOirB HT TSX TJPUFTXD AXZAB. 

The explanation of the genesis of the Joplin ore deposits set forth 
in the preceding pages, if true, should be of general appHcation, and 
wherever beds of limestone and dolomite containing disseminated 
metals and overlain by an impervious cover have been elevated into 
a geanticlinal or sloping position there we should look for the develop- 
ment of an artesian circulation and of a tendency to segr^ation of 
the metals. Whether the masses produced by such segregation shall 
be large enough to be called ore deposits will depend on several con- 
ditions, among others the quantity of disseminated metals available 
for concentration, the competency of the circulating water to carry 
them, the presence of a physical environment favorable for their 
segregation, and the duration of the period of 'circulation. If, for 
example, the metal-bearing solutions rose against an impervious 
shale cover and found no fractures or openings other than the 
natural pore spaces and the joints of the rocks, ore would probably 
not he depositetl with the same facility or in the same quantity as 
in the open ground at the base of the Pennsylvanian shale in the 
Joplin district. 

In the central valley of the United States, besides the Ozark region, 
several areas of low, flat uplift offer the requisite structural conditions 
for testing the theory. They are indicated on the accompanying 
sketch map (PI. XI), which shows the outcropping formations at the 
crest of each area, the inner border of the impervious cover, and the 
min ing districts, or, if the deposits are not of that order of magnitude, 
the individual occurrences of ore. 

wiBcoirsnr ttpuft. 

The chief of these areas is the Wisconsin uplift, in which the essen- 
tials of the artesian-circulation theory were first worked out by Van 
Hise.' The elevated area of crystalline rocks in north-central Wis- 

Chs deposition ot ana: Am. Inst. lUn. Eng. Tmn., vol. 
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coDsiu 13 flanked by sedimeDt&iy rocks, which dip gently to the 
southwest, south, and southeast. The lead and ^c deposits are 
foimd in dolomitic limestones that are capped by the Maquoketa 
shale, both of Ordovician age. According to Van Hise, the arte- 
sian circulating water that deposited the ores was limited above 
by the impervious Maquoketa shale. The main deposits are lim- 
ited to the area embracing the southwestern part of Wisconsin and 
the contiguous parts of Illinois and Iowa, but smaller, isolated 
deposits stretch away for some distance in the direction of the 
Maquoketa border to the northwest, and also to the east. 
cnrcnnrATi ttplitt. 
The Cincinnati uplift is another area that exhibits the proper 
structural conditions to furnish an artesian circulation. Calcareous 
shales and shaly Umestones of Ordovician age form the center of 
the area and are overlain by Silurian and Devonian limestones, 
these, in turn, being overlain by Devonian and Carboniferous shales. 
The rocks of the central or Blue Grass region of Kentucky are fairly 
rich in lead, imd numerous veins of galena, with barite and fluorspar 
gangue, we scattered over the region.' This fact harmonizes with 
the place relations of the metals to the center of the radial circula- 
tion, as pointed out on page 177. Deposits of zinc ore found in 
Lewis, Kowan, and adjoining counties on the southeastern border 
of the uplift, and smaller deposits are found on the western border. 
The deposits in Lewis and Rowan counties have lately been exam- 
ined for the Kentucky Geological Survey by Fohs,^ who has kindly 
indicated for the writer the location of a number of other deposits 
not within the area discussed in his report. The ore is found in 
limestone of Niagara age, and Ues within 10 miles of the border of 
the Pennsylvanian shale. In general, the northern part of this 
uplift, in Ohio and Indiana, does not seem to have been the site of 
a metalliferous circulation. The outcropping rocks differ from those 
in the Blue Grass region in that they consist of shales of the Rich- 
mond formation, which, in addition to being poorer in the metals, 
have afforded a poor artesian circulation. 

■ASaVILLZ trPUTT. 

The Nashville uplift, the southern continuation of the Cincinnati 
anticline, is characterized by the same structural relations and 
practically the same stratigraphic relations as the Cincinnati uplift. 
Numerous deposits of lead are known in the central r^on of Ten- 
nessee, and some of them have been mined, as is noted by Nelson.* 

I UDIer, A. If., Ths lead and linc bearing rocks of central Keotaokf , with notca on the mlnerBl veins 
^BDtock; Otal. Snrvey Bull. 2, pp. 25-35, 1905. 

< Folia, F. }., Kentucky Oeol. Surver Kept, □[ PnigrBm tor the jeejs 1910 and ISll, pp. 6-7, 191S. 

1 Nelson, W. A., Kotea on lead In Tennessee: Bfsoorces ol TeuOEssee, toI, 2, Vo. 3. pp. lOO-lU, Ten- 
nessee Qeid. Survey, 1BI2. 
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Deposits of zinc occur in the area, but information is not at hand 
as to their location. The Nashville uplift extends into the northern 
part of Alabama, where lead has been mined near Ountersville, in 
Marshall County, and near New Market, in Madison County. 

KZHTTTCET-tLUSOIS 7I.rOB8PAK niSTKICT. 

Although the Kentucky-Illinois fluorspar district is not an upUft, 
it is 80 related to the Cincinnati and Nashville uplifts, both in its struc- 
ture and the character of its ore deposits, as to bring it strictly 
vithin the limits of this discussion. 

The lead and zinc deposits of the Kentucky-Illinois fluorspar 
district, because of their common association with a fluorite gangue 
and their occasional association with igneous dikes, are regarded by 
some writers as genetically distinct from the other deposits of the 
Mississippi Valley, Emmons,' writing in 1892, before any exposures 
of igneous rocks were known in Illinois, says that, as far as the facts 
go, they point to the derivation of the fluorspar and the metallic 
minerals from the surrounding limestone. Bain,' in 1904, after 
numerous dikes and sills of mica-peridotite and lamprophyre had 
been discovered in Kentucky and Illinois, declared for the igneous 
origin of the deposits, maintaining that they were derived chiefly 
from hot solutions given off by the parent magma of the dikes and 
basing his conclusions on the association of antimony with the lead; 
on the argentiferous character of the galena, which has an xmcom- 
monly high silver content for Mississippi Valley lead ores; on the 
enormous quantity of fluorspar as contrasted with that in other 
lead and zinc districts in the Mississippi Valley, which do not con- 
tain any fluorspar; on the deposition of the ore in true fissure veins; 
and, finally, on the occurrence of igneous rocks in the vicinity of the 
ore deposits. Bain has strongly reaffirmed this view recently,' 
Smith,* noting the igneous dikes and the deep-seated fissures which 
they indicate, thought it probable that the ore and gangue minerals 
were dissolved from the rocks below the Carboniferous system by 
thermal circulating imderground waters which ascended through 
fissures to the Mississippian rocks, where the ores were deposited. 
Fobs* accepts the theory of the igneous origin of the deposits as best 
explaining their pecuhar features. 

The Kentucky-Illinois fluorspar district (see PI. XI) occupies a 
position midway between the Nashville uplift and the Ozark uphft. 
These uplifts were probably once connected by a structural ridge. 
A broad structural ridge trends northwestward from the St. Francis 

■ Enuaons, 8. F., Fluonpar depoalta ol smitbem niluols: Am. lust. Mln. Eng. Tram., ml. 21, p, 62, 

■ B&ln, H. F., Tha flaarapar deposits ol goathern DUnois: V. B. Geol. Sorve; Bull. 2SS, pp. U-e7, UOS. 
' Bain, H. F., Uln. and Bel. Press, vol. IDS, pp. 819-300, IBM. 

'Ulrich, E. 0.,andSialUi,W.S.T., The lead, ilDC, and fluorspar deposits of westemKentucliy: D.8. 
Oeol. Survey Fiol. Paper 3«, pp. 1GD-1S4, 1«H. 
I Fobs, F. ]., Fliuospar depinlts ol KenCoct;: Kentuck; Oeol. Surrey Bull, i, pp. e] 
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Mountains toward the central Missouri district and a similar ridge 
extends southeastward from the St. Francis Mountuns and is cut 
off by the Mississippi embayment. If continued in this line, it would 
join the Tennessee uplift and would put the Kentucky-Illinois fluor- 
spar district on the north slope of this ridge, with the rocks dipping 
northward toward the Fennsylvanian shale. Prior to the formation 
of the Mississippi embayment this district, so far as structure, rela- 
tion to the PennsylTanian, and artesian possibilities are concerned, 
would be in a position analogous to the mining districts of the Ozark 
uplift, but since the formation of the embayment, which probably 
antedated the ore deposition, there has been no large expanse of 
higher rocks to the south and west to furnish an artesian circulation. 
It seraus to the writer, however, that water falling on the west side 
of the Cincinnati uplift and on the northwest portion of the Nashville 
uplift and entering into the flow down the slopes of those uplifts 
beneath the Ordovician and Devonian ahales must to some extent 
escape upward in the intensely faulted region of the Kentucky-Illinois 
district. There are no igneous rocka near the Cincinnati or Nashville 
uplifts, except the peridotite dikes of Elliott County, described by 
Diller,* which are 100 miles from the center of the Cincinnati uplift 
and on its eastern slope, so that they can not have contributed to the 
waters which deposited the ores of the Kentucky-Illinois fluorspar 
district. Veins containing galena or sphalerite, with a gangue of 
calcite, barite, or fluorspar, are conunon in both uplifts, as noted by 
MiUer ' and by Nelson.' Emmons * found an appreciable quantity 
of fluorine in limestone collected at some distance from any fluorspar 
deposit in southern Illinois and Smith ' gives an average of 0.08 of 1 
per cent in 3 samples of limestone not near fluorspar deposits in 
western Kentucky. Finlayson* found fluorine in each of four 
samples of limestone tested for that element. Miller does not men- 
tion dolomite among the gangue minerals in the veins of central 
Kentucky, nor does Nelson list dolomite as occurring with galena in 
middle Tennessee. It has already been noted that the waters of 
central Kentucky are alkaline-sahne carbonated and sulphureted 
and commonly zinciferous. No doubt the waters of the Nashvifle 
uplift are similar. Carles has shown (see pp. 55-56) that carbonated 
waters can dissolve and transport compounds of barium, strontium, 
and fluorine. If the water of an artesian cu"culation could find its 

I DDler, J. S., Ferldotlte ol Ellirtt Coontj, Ky.; U. 8. Gkol. Surrey Bull. 38, pp. O-IO, 1887. 
< Ullkr, A. U., The lead aul duo bewlng roote of central EeutDol?, Tith cates on tlie mlucTSl veins: 
Kentucky Oeol. Sorrey Bull. 1, pp. ZS-35, IKS. 

• Nebon, W. A., MoKs on lead in Temugsee: Kesourocs ol Tennessee, vol. 2, No. 3, pp. 1(0-117, Ten- 
nessee Oeol. Survey, 1S13. 

iE;nuiioiB,8.F.,FlaurBpUdepa8itaorgo<iCIinnIIllDols: Aiii.Inst.Uta.Eng. TrBns.,val.21,p.£2,18>J. 
'Sniltli,W.S. T.,Thele»d, tine, and fluorspar deposttsolweBtern Kentucky: U.S. Oeol. Surrey Prot. 
Pwer M, p. 1S2, 190B. 

• FlnlaysoD, A. M., Froblenis ol ate depOBftlon In tbe lead and ttnc veins of Gieat Britain: LoDdon, 
Oeot. Sac Qnait. lour., vol. W, p. 300, ISIO. 
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way from these uplifts to the faults of the fluorspar district, it would 
beyond question be capable of forming both the ore deposits and 
their unusual gangue. Water falling on the portions of the uplifts 
indicated must in part enter the underground circulation of the 
Ordovician limestones. These limestones are overlain by shaly Ordo- 
vician fonnations, and still above by the Chattano<^a shale. These 
shale formations will prevent the upward escape of the circulat- 
ing water, which must therefore seek to ascend through the complex 
system of fractures and faults in the western Kentucky area. The 
fact that this area lies much lower than the intake areas in the uplifts 
makes such escape possible; and furthermore, as the only avenue of 
escape of waters from the considerable areas indicated, it necessitates 
a very considerable concentration of the circulating water at this 
point, with probable resulting segregation of its mineral content. 

Quantitative analyses are not at hand to determine whether or not 
the undei^ound waters of the district are deep seated in origin. 
Burk • has pointed out that "springs of water heavily charged with 
hydrogen sulphide are found aloi^ the principal lead and zinc sulphide 
deposit in the Columbia vein" — one of which is the Crittenden 
Spring. The water from this spring was qualitatively analyzed by 
Robert Peter,' who found that it contained a notable quantity of 
hydrt^en sulphide gas, some carbonic-acid gas, and 440 parts per 
million of total solids, consisting of sodium chloride and magnesium 
sulphate, with small traces of iron, calcium and potassium. Refer- 
ence has already been made to the occurrence of hydrogen sulphide 
gas in mine drifts at Miami, Okla., and in Kentucky. One of the 
latter occurrences was in the central Kentucky district and the other 
in the western Kentucky district. The two waters giving off the gas, 
as described by A. M. Peter, are very similar. The result of a 
qualitative analysis of the water from western Kentucky, from a 
zinc mine 49 feet in depth 4 miles west of Marion and 100 yards from 
the "White Sulphur Springs" [Crittenden Spring] is as follows:' 

Qualitative testa showed the presence of much sodium chloride with some calcium 
carbonate, calcium sulphate, calcium chloride, a little magiieaium chloride, potaBaium 
chloride, and lithium chloride. The sediment contained free sulphur, ferrous sul- 
phide, and oi^anic matter. 

The presence of free sulphur in the sediment would suggest that the gas whidi 
appeared with this water was hydrogen sulphide. 

The analysis shows that this is not a surface water but an alkaline- 
saline carbonated and aulphureted water, similar to the mine water 
at Miami, Okla., to the deep-well waters of that region, and to the 

'Bark, W. E., The aaorspar mines ot western ^utaCky and soathern UliDob; Uin. Induatrr, vol. 9, 
P- Oi, 1901. 

' Cbem. Bept. Kentucky Geol. Survey, ToL A, pt 3, p. 152, 1888. 

■Petei.A.U., Averltt, 8. D.,siidAiiui89, B. L.,Hiiieis1 walers: KentuckyAgr. Bxpec. Sto-EIghteeiiai 
Ann. Bept., tor t90G, p. S!W [ISoq. 
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ore solutions which have deftosited the ores of the Joplin district.- 
The sediment hkewise, in respect to sulphur and iron sulphide, ia 
similar to the reservoir sediments of that district, analyses of which 
have been given. 

In Illinois the igneous rocks are nowhere closely related to the ore 
bodies, and in Kentucky they are at few places so ralated. At the 
Old Jim mine, near Marion, Ky., the ore body extended for a distance 
of 100 or 500 feet alongside a peridotite dike and for one-third of the 
distance lay on both sides of the dike. The ore consisted of zinc 
carbonate and some sulphide, but fluorite was entirely absent. The 
composition of the ore body was the same at the Lady Fajnner mine, 
on the same dike, a short distance from the Old Jim mine. So far 
as the evidence afiforded by these two deposits ia concerned, they 
may have been formed by cold ascending solutions just as those in 
the Ozark region or upper Mississippi Valley region were formed, 
except that here the solutions probably ascended by the same opening 
as the igneous material. The ascending solutions and the ascending 
igneous material evidently reached the surface by way of the fissures 
and the fault planes — the easiest avenues of escape. The ore and 
gangue minerals could have been transported by cold solutions, but 
if the solutions were in some places heated through radiation from 
the dikes they were no doubt rendered more active. Bain and 
Smith both commented on the absence of dolomite in the gangue 
and noted the contrast presented in this respect by these deposits 
to those of the Ozark uplift and of the upper Mississippi Valley, 
where dolomite is so plentiful. Attention has been called above to 
the absence of dolomite as a gai^e mineral in the veins of central 
Kentucky and middle Tennessee. Jasperoid is a common gangue in 
the western Kentucky district, as it is in the Joplin region. The 
silver content of galena mined in Kentucky is very small, ranging 
from a trace to 2 or 3 ounces to the ton of concentrates, whereas the 
silver content of galena mined in southern Illinois has averaged 
nearly 5.7 ounces to the ton of lead concentrates for the period 1907- 
1913. A sample of lead concentrates from Rosiclare assayed 9.5 
ounces to the ton, according to Whitney,' and other reports indicate a 
range up to 12 or 14 ounces. The lead concentrates of southeastern 
Missouri average a little over 1 ounce to the ton. Bain lays stress on 
the presence of antimony in the ores of this district as evidence of 
their magmatic origin, but, as shown by Williams,^ a Httle antimony 
occurs in the galena of southeastern Mi^ouri, a somewhat larger 
proportion in the galena of central Missouri, and most of all, amount- 
ing to one-half of 1 per cent, in the galena of southwestern Missouri. 
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Basing his conclusiobs on the foregoing Btatements, the writer 
believes that most if not all of the ore deposits in western Kentucky 
have been formed by cold artesian circulating water which was derived 
From Ordovician formations outovpping in the Cincinnati and Nash- 
ville uplifts and which ascended through fissures into the Mississippian 
rocks, where the ores were precipitated. If some of the deposits in 
the deep fissure veins, such as those in Ilhnois that carry argentiferous 
galena, are due to igneous infiuences, we have here not a transition 
type of deposit but a juxtaposition of tjrpes— one due to a normal 
artesian circulation, the other to thermal waters associated with 
igneous activity. 

The occurrence of galena, with little or no sphalerite, in the veins 
of the Cincinnati and Nashville uplifts and of sphalerite in excess 
of galena in the western Kentucky region is in line with the place 
relations of the ores to the intake of the artesian circulation already 
aet forth (p. 212). 

OUAOSITA UFurr. 

In Arkansas and Oklahoma the Ouachita uplift, according to 
Branner,' was a low, flat geanticline until after the Pennsylvanian 
epoch, when it was involved in the Appalachian mountain-making 
movements and thrown into long, narrow folds. These folds obscure 
the relation of the ore deposits to the original geanticlinal structure 
and to the present antichnorium. At the Kello^ mine, in Pulaski 
Comity; the Silver City mine, in Montgomery County; the Cedar Point 
mine, in Hot Springs County; and the Bellah mine, in Sevier County, 
Ark., as well as at the place of the recent discoveries on Buffalo Creek 
in Oklahoma, galena and generally sphalerite, with a Uttle chalco- 
pyrite, occur in veins that cut across the h^hly folded quartzitic 
sandstones. The sulpliides are generally associated with a gangue 
of calcite, dolomite, and some barite. These deposits, none of which 
have developed into paying mines, are, with the exception of those 
at Silver City, on the north and south sides of the culmination of 
the Ouachita uplift, to which they bear the same geographic rela- 
tions as the deposits heretofore described bear to other upUfts. The 
Silver City deposits are directly upon the upUft. 

AKBUCKLB KOUITTAIK ITPUrT. 

The Arbuckle Mountain uplift of Oklahoma consists of a core of 
pre-Cambrian granites and diabases, overlain on the north by the 
Keagan sandstone, a basal conglomerate formation of Upper Cam- 
brian age; and that in turn is overlain by the dolomitic Arbuckle 
Umestone, in which the ore deposits occur. The Arbuciie limestone 
is overlain by shales and shaly Umestones of Ordovician and Silurian 
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age. The ores consist of zinc carbonate and sulphide in a dolomite 
gangue. The whole uplift ia greatly faulted and, especially in the 
miniog district, is sharply folded. If faulting and folding be disre- 
garded, the general relation of the ore district to the cryBtalline area 
is one of a structural slofw to the northeast, and it aeems reasonable 
to conceive that an artesian circulation brought up the ores against 
the inner edge of the shaly members of the overlying formations. 

LIJUIO VPUPI. 

The Uano uplift, comprising the pre-Cambrian area of central 
Texas, is a broad dome surrounded by a scarp of Paleozoic rocks. 
The geoI<^y and mineral resources of the eastern part of the area 
have been described by Paige,' who refers to an occurrence there of 
lead ore that exhibits such relations to the crystalline rocks and the 
Paleozoic sedimentary rocks as to suggest its origin from ore solutions 
having an artesian circulation and notes that the conditions resemble 
those existing in the disseminated lead r^on of southeastern Missouri. 

DEPOSITS OF LEAD AND ZUTO A88O0IATBD WITH THE EASTBEN MAB- 
GINAL SLOPE OF THE CENTRAL VAIiET. 



The ore deposits associated with the geanticUnal uplifts of the 
central valley of the United States have now been briefly described. 
It remains to consider any deposits possibly associated with the dip 
slopes about the eastern margin of the valley. The most promising 
deposits of this class now being worked are the lead and zinc deposits 
of eastern Tennessee. These have recently been described by 
Purdue.' They occur in breccias at different horizons in the Knox 
dolomite, of Cambrian and Ordovician age. This formation, which 
is imderlain by shales and limestones and overlain by Ordovician, 
Silurian, Devonian, and Carboniferous rocks, occupies a position 
areally between the Archean rocks of the Great Smoky Mountains 
and the Pennsylvanian ("Coal Measures") rocks of the Cumberland 
Plateau— a position analogous to that of the Cambrian and Ordo- 
vician of central Missouri and northern Arkansas, with the excep- 
tion, however, that the rocks in Missouri and Arkansas form a dip 
slope in which there is an artesian circulation, whereas the rocks 
between the Great Smoky Moimtains and the Cumberland Plateau 
are thrown into a series of long, parallel folds and overthrust faults, 
which preclude the possibihty of an artesian circulation of any great 
scope transverse to the folding and faulting. Purdue holds that the 
ores were originally disseminated through the Knox dolomite and 

■ Paige, Bldnef.Uincn] rBBourccH of tbsLlano-BumsI iagloD,Tai.,wll:liBii HcoanntoC Uiepr»Camla1aD 
geologr; U. a. OtoS. eiuvey Bull, ISO, pp. 75-77, 1811. 
> Purdue, A. H., The ilnc depoalts of itaithviistam TgnntSMe: Tamune Qcol. Baivtj Bun, U, W p]^ 
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were segregated in the breccias by circiilating ground waters but 
not by surface waters. Hence, deposition probably resulted from 
ascending waters. The very numerous sink holes indicate active 
underground circulation and solution. The oxidized ores are natur- 
ally more or less residual, as their position shows, but the position of 
the deposits of the sulphides should give some indication of their 
relation to the structure. A brief review of the sulphide deposits 
shows a reasonably close dependence on local structural features. 
The sphalerite ore bodies northeast of KnoxviUe, from Love Creek 
to Mascot, are on a dip slope to the southeast, involving various 
Cambrian formations, the Knox dolomite (Cambrian and Ordovi- 
cian), and the Chickamauga limestone (Ordovician). The ores occur 
in the Knox dolomite within a quarter of a mile of the outcrop of the 
overlying argillaceous hmestone of the Chickamauga formation. The 
deposits southwest of Leadvale and those near Dandridge have a 
similar position. The Powell River ore deposits are on the slopes 
of a broad, gentle antichne in the Enox dolomite. 



The lead and zinc deposits of Virginia are foimd principally in the 
Shenandoah limestone, which is the equivalent of the Knox dolomite 
and of several underlying Cambrian formations as well. The horizon 
of the ore deposits in Virginia is considerably lower stratigrapbically 
than that of the Tennessee deposits. Lead and zinc deposits in 
metamorphic schists of probably Cambrian age (according to Watr- 
son) in Albemarle County and of pre-Cambrian f^e in Louisa County 
will not be considered here. The general structure of the region is 
similar to that of the eastern Tennessee field, just described, in that 
it consists of a series of parallel folds and overthrust faults. Wat- 
son ' holds that tho metals were originally drawn from the pre- 
Cambrian rocks and laid down in a disseminated state with the 
Shenandoah limestone, of Cambrian and Ordovician age, in which 
formation they have since been concentrated into workable deposits 
by meteoric waters. The ores form replacement deposits and cavity 
fillings in breccia and are associated with dolomite and calcite as 
gangue minerals; in a few deposits a very Httle fluorspar is found. 
The ores are believed to have been deposited by the water of an 
ascending circulation of no very great vertical extent; probably a 
circulation detennined by local structural features, such aa have 
been indicated in discussing the eastern Tennessee deposits. Watson 
says: ' 

Kecent prospecting about 20 miles west of AuatinviUe, in the extreme southwest 
comer of Wythe County at Cedar Springs eeemingly indicalca that the ores occur on 
□I near tbe faulted crest of an. anticlme. The distribution, therefore, of the ores in 

■ Watson, T. L., Lead and ilno deposlla dI Virginia: Virginia GeaL Surrey Bull. I, pp. I3S-I33, lODS. 
■Idatti,p.53. 
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Wyfte County is along b dmtow belt which croeaee the eouthem part of the county in 
a ntHth of east direction. This belt ie a structure zone, one of anticlinal folding and 
faulting, and the ores are deposited along and near the fault in the shattered and 
tecemented limestone of the anticline. Precisely Bimilar relations obtain in the 
eaat Tetmessee Imd and cine district, which is a continuation southwestward of the 
Viiginia district. 

The association of the deposits with antichnal structural features 
is good evidence that the ores were deposited by ascending solutions, 
just as their association with synclinal structures would be evidence 
in general of descending solutions. 



The principal zinc and lead deposits of Feonsylvaiiia are in the 
SaucoQ Vslley, in Lehigh County, and smaQer deposits are at the 
Bsmford mine, in Lancaster County, and at the Sinking Valley 
mines, in Blair County. The ores are found in fractures, breccias, 
and cavities in Cambrian and Ordovician limestone, or the "No. II 
formation" of the Pennsylvania Geological Survey. The unoxi- 
dized ores consist of sphalerite and some pyrite. The chief mines 
in the Saucon Valley were the Ueberroth, Hartmann, and Saucon, 
which have been well described by Clerc,' who attributed the ores to 
ascending theimal solutions. Lesley ' opposed tbis view in the fol- 
lowing langu^e: 

The limestone formation in the Saucon Valley lies in a deep trough, into which and 
to the bottom of which flows the rainfall of the surrounding mountains. The beda 
are uptilted and broken, the innumerable fissures which traverse them and the cavern^ 
which have been excavated in them permit the accumulation of great quantities of 
water; the dissolution of the lime rocks has produced concentrated massee of zinc ore. 

• " * Veins of zinc ore do in fact eiiat in Sinking Valley, opposite Birmingham, 
but they are concentrations of the zinc and lead £rom the limestone beds of tiie valley 
and there b no good reason for thinking that tkey are connected in any way with the 
underground depths. * * * It is evident that the source of tiie ore was above 
and not beneath. 

Miller,' who has recently studied the mines of the Saucon Valley, 
beheves that the iron as well as the zinc deposits were formed by 
artesian waters. His conclusions are as follows; 

In the formation of the Priedensville zinc deposits it is believed that downward- 
percolating waters containing carbonic acid derived from the atmosphere and organic 
matter, sulphuric add derived from the oxidation of pyrit«, and possibly some organic 
acids dissolved the small disseminated particles of zinc and iron carbonates and sul- 
phides and carried them in solution to places where the water found an easy escape 
upward, such as occurs in the shattered and faulted zones near Friedensville. Several 
hundred and perhaps several thousand feet of limestone and shales overlay the present 
exposed strata, while duB work of concentration was most active, and consequently 
the waters were of considerably higher temperature and had greater soluble power 

' Ckrc, F. L., The mining and metalluigy of linc in the United States: U.S. OeoL eurve; UiueiBl Be- 
aaanxa, 1882, pp. 381-365, 1883. 

• I>eale7, J. P., PtouLiflTaala Qaal. Suits; Suounaiy Final Kept,, vol. 1, pp. 436-447, 1802. 

• Ulller.B. L.,Ei»nomicgBaloKrD'theAUenlowniiuadraDgle, Fa.: U, S. Qeol. Survey Bull. (In prep«- 
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than. B.t present. The abimdance of marcaaite found witii the pyrite Indicstefl, 
hovever, tiiat ■Qxe ore-bearing Bolutions precipitated their load under moderate 
temperaturee . 

Th« pyrite and sphalerite were deposited in part in the fieeures through which tile 
BolutiouB passed and in part as metasomatic replacements of the limestoiie walls. At 
tbe intersectioBB of fisBures through which solutions were pasaiog the mingling of waters 
of somewhat different compoaitionB caused increased precipitation and resulted in 
the formatioii of the great maaees of ore already described. Metaaomatic replacement 
of tiie dolomitic limestones seems to have been much more impratant than precipita- 
tion in existing fissures. The dense black finely crystalline masses of sphalerite pre- 
serve the texture of the original limestone. In some places the contact between the 
ore and the limeBt«ne is sharp and regular, but in most places it is otherwise, which ia 
explained by Qie lack of homogeneity of llie greater part of the limestone which per- 
mitted the solutions to migrate unequal distances from the trunk channels. 

The Friedensville ore deposits reprwent the s^regadon of dnc minerals obtained 
from a great thickness of limestones. The limestones in the vicinity of the mines are 
probably 2,500 to 3,000 feet thick, while perhaps as great a thickness has been removed 
by erosion. The probability is that the ore was collected ihrou^out a thickness of 
limestones aggr^ating 5,000 to 6,000 feet. This is approximately twice the thickness 
of the limestones of the region, but due to the intense folding to which they were sub- 
jected the vertical thickneae at any one point was probably doubled. 

Tha process of segregation was undoubtedly slow, but has extended from the close 
of the Ordo^■ician, when the first great ori^nic movements folded and faulted the 
limestones of the rt^on up to the present. The s^regation of pyrite by meteoric 
waters is still taking place in the r^ion, and no doubt disseminated xinc minerals are 
Ukewise being dissolved near the surface, earned downward to great depths, and 
deposited from ascending waters. Thus the formation of the deposits represents a 
time interval of miUions of years. 

The Bamford mine, 5 miles northwest of Lancaster, lies in a syn- 
clinal valley of the Cambrian and Ordovician limestones. It con- 
tains sphalerite and galena with calcite as a gangue. The Sinking 
VaUey mines are located on the crest of a plunging overturned anti- 
cline in the same Cambrian and Ordovician hmestone. Their imoxi- 
dized ores were sphalerite, galena, and a little pyrite, in a gangue of 
dolomite with some barite. 

Describing the Bamford mine, Frazer' quotes E. G. SpUsbury as 
follows: 

The deposit occurs in the form of two parallel bed veins in the lower Silurian lime- 
stones, near their line of contact with the shales of the same epoch, althoi^, so far as 
developed, the actual line of contact has always been found barren. In this respect 
the deposit differs from a very similar one in Sinking Valley, Blair County, whc^e 
the contact lines between the shales and the limestones are quite productive. 

The veins at the Bamford mine are most unmistakably bedded veins and not fissures 
or gash vdns. They are conformable both to the stratification and dip of the inclosing 

Lesley ' concludes as follows: 

All that has been said above proves that these zinc-lead veins are precipitation 
deposits, are not connected with any deep metidlic masses in the und^'world, and 

' Fraier, pETsilor, Jr., Tiie geology ol Lancaster Connty: Pennaylvanla Sooood Gecl. Burrey Rept. 
CCC, pp, 1B8-1OT, 1880. 
' l-aiey, I. P., Pennsylvania Oeol. Burvey BummBry Final B«pL, vol. 1, p. 147, 18K 
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can not descend lower th*n the ezbeme limit of rain-water pcocolfttion in any district 
of the State to which they belong. • < • j consider them as of the nature of 
comparative recent cavern and fissure deposits, scarcely at all changed in form by 
later earth movements. 

KXWTOXX. 

In southeastern New York lead and zinc mines have been worked 
at GuTniard, Wurteboro, and E^nviUe, in Orange, Sullivan, and 
Ulster counties. The galena and sphalerite, associated with much 
pyrite and some chalcopyrite, in a quartz gangue, are found in veins 
in the Shawangunk conglomerate, of Silurian age. These rocks dip 
steeply westward and are overlain by the shaly Salina formation, 
also of Silurian age. 

Whitney notes the occurrence of lead and zinc in New York as 
follows : ' 

Along the southern edge of the great Azoic nucleus of this State, in the counties of 
Herkimer, Montgomery, and Lewis, many specimens of lead ore have been obtained 
from the Lower Silurian strata. In the Ust-named county, near the village of Martins- 
burgh, according to Prof. Beck, galena is found aaiociated with pyrites, in narrow 
veins, traversiiig the Trenttm limestone. * • • 

Specimens of blende and galena are not unfrequently met with in the Upper 
Silurian strata, in the neighlxM-hood of Bocbester, and from thence to Niagara Falls. 

Lead and zinc deposits are known in the Adirondack pre-Cambrian 
area of northern New York. C. H. Smyth, jr.,* describes the famous 
Rossie lead mines as having been derived from the pre-Cambrian 
limestone infolded into the granite, comparing the Rossie ore deposits 
to a lead and zinc vein in Cambrian sandstone overlying the pre- 
Cambrian limestone near Redwood, where the relations are clearer 
than at the Rossie mine, 7 miles distant. The Rossie deposits are 
veins, occupying fissures in the gneiss, and are composed of galena 
and calcite with subordinate quantities of pyrite, chalcopyrite, and 
sphalerite. 

Smyth says: 

Water ciiculatiiig through the limeatonea under pressure and seeking an exit towatd 
the surface would find a ready channel through the crushed zone of the sandstone, 
depositing during its ascent mineral matter taken up from the limestones. Thia 
explanation of the formation of the vein is sufficiently in liarmony with aU the facta 
in the case to be regarded with some confidence, and it gives tulded strength to the 
hypothesis as applied to the Koesie veins. In both cases it is probable that the vein 
minerals came from below, and in both cases the crystalline limestone, known to be the 
carrier of the vein minerals, is present, at Bedwood probably directly below the 
vein, at Rossie in flie immediate vicinity and perhaps directly below.' 

The lead and zinc deposits near Fowler and near Edwards are also 
found in the pre-Cambrian limestone. The ore body at the Edwards 
mine hes in limestone dipping 45° NW. and on the hanging wall of a 

■ Wbltney, J. D., The memlllc wealth of the United Stala, p. Ml, PbUadelpbla, IS&t. 

• SiUTtti, C, H,, Jr., The BoKia lead veins: Bcbool of Uinn Quartsl;, vol. 24, pp. 431-430, IMS. 

'Id«in,pp. 4Z7-4ZS. 
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body of talc. Interrening prospects show a fairly definite zone of 
mineralization having aimilar relations and extending to the Bahnat 



In Canada galena accompanied by more or less sphalerite is found 
in numerous veins in the crystalline limestones infolded in the pre- 
Cambrian rocks. Among the best known mines are the Olden zinc 
mine, 35 miles north of Kingston, and the Hollandia mine, near 
Bfumockbum, Ontario. The deposit at the Hollandia mine has been 
described by J. Volney Lewis ' as occurring in a highly siUceous phyl- 
lite or fine-grained quartz schist, which was originally an argillaceous, 
sandstone. The vein minerals are predominantly galena and calcite 
which are accompanied by some sphalerite and marc&site. There is 
no quartz or sihcates. The character of the ore and the absence of 
known igneous rocks in the vicinity of the ore body suggest strongly 
to Lewis "that both the minerals and the waters by which they were 
deposited were derived from the adjoining sediments." 

The Ramsay lead mine, near Carleton Place, Lanark County, 
Ontario, is on a galena-calcite vein which cuts the "Calciferous" 
dolomitic limestone and pinches out in the underlying Fotadam 
sandstone. The mine is on the southern border of a basin in the 
Laurentian rocks occupied by Cambrian and Ordovician sediments. 

Sphalerite ia irregularly disseminated through the Silurian lime- 
stone (of Niagaran age) from Niagara Falls northwestward to the 
head of Lake Ontario. The Albemarle mine is a prospect in this 
limestone in Albemarle Township, Bruce County, 5 miles northwest 
of Wiarton. The ore is blende in a calcite gangue. 

OENXBAL OOGtmBEHOB OP TEE OBBS tS BBBCCUS. 

The zinc ftnd lead deposits of the Joplin region consist largely of 
chert breccias having a matrix of jaaperoid or dolomite containing 
sphalerite and galena. Smith,' in discussing these deposits, says that 
file concentration and deposition of the ores were apparently due 
largely to the brecciation of the rocks, which exposed a large area 
of rock surface to the action of ore-bearing solution and permitted 
greater freedom of circulation and consequent greater volume of flow. 

The place of contact between a sohd and a liquid is the field of 
operation of the surface energy of a liquid. Ostwald ° writes of "the 
phenomenon of adsorption, or surface condensation on soUd bodies— 
that is, the fact that on contact surfaces between solids and hquid 
solutions the concentration of the dissolved substance is different 

I An Onlaiio lettd depoalC: Econ. Geology, vol. 1, pp. 882-487, 1906. 

1 Smith, W. S. T„ uid Slsbentbal, C. E.,IT. 8. OeoL Surrey Oeol. Atlsa, Joplla disblct Adia (No. MS), 
p. 18, 1907. 
> Oitwald, Wilhelm, The sdenuac [oundatlonB d[ analyUcel ctaemlsli;, p. iv, 1900. 
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from and probably always greater than in the rest of the solution." A 
gas escaping from a solution tends to do so on the face of a soUd, the 
sharp edges of breccias being especially favorable to the liberation 
of gases from solutions. The influence of breccias in the precipitB' 
tion of ores may, then, be due to the greater contact surface and 
the greater number of sharp edgee exposed by brecciation, and to 
adsorption. 

The solutions that furnished the ore deposits of the Joplin r^on 
are believed to have been ascending alkaline-saline waters contain- 
ing dissolved carbon dioxide and hydrogen sulphide. As these solu- 
tions slowly rose to the suiface under artesian pressure they were cooled 
from, say, 70° F. at a depth of 900 feet to 55° F. at the surface. 
Further, they were under lees and less pressure as they rose, particu- 
larly when they reached the "open ground" at the base of the Chero- 
kee shale. These changes favor precipitation of the salts in solution, 
and the change last noted also favors the liberation of the dissolved 
gases, which is further favored by the large surface and the sharp 
edges of the breccia through which the solutions pass. The libera- 
tion of the gases, particularly carbon dioxide, results in the precipi- 



tation of the metals as sulphides, as already shown. As the solutiona 
undei^ these changes, which progressively favor deposition, it may 
be supposed that, after a solution has ascended to the point where 
deposition b^;ins, the precipitation wiU be practically continuous 
until the portion of the solution at thai point has been depleted of 
metaJhc salte or has escaped at the surface. Having formed this 
conception of a continuously precipitating solution rising through 
the breccias, we may pass to the consideration of the method b? 
which adsorption is especially effective as an aid to precipitation in 
the breccias. 

The adjacent faces of breccia fragments may be represented by the 
parallel vertical lines A and B in figure 9. These vertical lines may 
be joined together by the horizontal line A'-B, represenling a imifonn 
stete of concentration in the solution rising through the breccias— s 
state of concentration that has just reached the point of saturation for 
the lead and zinc compounds. According to the laws of adsorption, 
the concentration of the salts about to be deposited is greater adjacent 
to the faces of the breccia fragments and increasingly greater in pro- 
portion to the fineness of the breccia. The concentration of the solution 
as r^ards a metallic salt may be represented, therefore, by the upper 
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broken line — the line of dashes — showing supersaturation adjacent to 
the wall and something less than saturation in mid-chaunel. If the 
solution be conceived as remaining st^nant at this point, deposition 
should take place upon the sohd in the area of supersaturation. As 
the concentration near the sohd is reduced by deposition, the adsorp- 
tion-concentration curve will be reestablished by movement of the 
salt from mid-channel to the border and further precipitation will 
be followed by further redistribution of the concentration, and so on 
until the concentration at the border is not above the saturation point 
for the metaUic salt and the solution in mid-channel is below the satu- 
ration point, represented by the dotted line. Tliis would terminate 
ore deposition from this solution under these conditions, but, as was 
pointed out above, the solutions are continually ascending and thus 
become cooler, ore under less pressure, and evolve gases. There- 
fore, as each portion of the solution is reUeved of it£i supersaturated 
salt, it makes way for more saturated solution from below and is 
itself carried farther upward where it again becomes saturated, owing 
to cooling, relief of pressure, or escape of gases. It is probable, there- 
fore, that once begun the deposition of metalhc salts from a solution 
under the conditions outlined goes on almost continuously until the 
metals are exhausted or the solution reaches the surface. 

Though a descending solution is doubtless subject to adsorption, it 
does not seem likely that there can be much precipitation from such 
a solution, as a downward-moving solution is progressively subject 
to more and more pressure, which increases the capacity of the solu- 
tion to hold the metals and particularly the gases in solution, and thus 
opposes the precipitation of ore. 

As breccia deposits are characteristic of the ores of the Joplin dis- 
trict, and as such deposits are much more hkely to be precipitated 
from ascending than from descending solutions, they in themselves 
indicate that the ore was derived from ascending solutions. 

CONSTANT nrexow of unb watbb. 

Bain ' behoves that a large part of the water that floiro into the 
mines is derived from waters ascending from the Cambrian and 
Ordovician rocks. His aigument in part is as follows: 

The beet reaeon for believing that the ground water ia fed mainly from distant 
sources lies in the bet that the amount of water pumped from the minea is independent 
of seasooal changes. Except in the case of unprotected openings or very open ground, 
severe storms and rainy weather do not increase the amount of wat«r that must be 
bandied. 

Buckley and Buehler ' strongly combat this view and assert that 
very generally in the Joplin district the inflow is 25 to 50 per cent 

>Bibi,B. F.,FnllinlDaiT report on the lead and Elnodapceltsot the Oiarkngfam.' U. S. OsoL Bnrvfv 
Twenty-MCiHid Ann. B«pt., pt. % pp. 107-168, UOl. 

■Bncklar.B S.,aiidBDehler, H.A., 0«ob«7o(lbaQnnb;Biea:lllB90DclBur. Oealog7MidlfliMS| 
31 Mr., vd. 4, p. 31 11906], 
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greater in the runy season than in the dry season. They also main- 
tain that after a mine has been drained very little water comes in 
from the bottom, so that there is scarcely any inflow of water which 
may be attributed to an upward circulation. 

Haworth ' measured the quantity of water pumped from the mines 
and the quantity flowing off the tract, and thus obtained estimates of 
the return flow into the mines and the increment of water from dis- 
tant sources, the latter amounting to 10 or 15 per cent of the total 
water pumped. He concludes as follows : 

It would aeem that no one could examine the entire territory carefully and obaerve 
the vaat amotmt of aurbce water which reaches the ground through ehafte and varioua 
kiadBof artificial openings, natural "eink holee " particularly, and add to thia the much 
greater amount which must necessarily work its way downward throi^ the soil into 
the rocks BO greatly fissured everywhere in the mining district, without admitting that 
a large propmtion of the water now found in the mining district below permanent 
water level originates directly from local lainfall. It is equally probable that a portion 
of this same ground water is migrating westward down the slope of the Ozark aiea. 
This migialmy water, therefore, cornea in part from the catchment areas at or near the 
iiummit of the Oko^ hills, and in part from additions constantly made ta it thiou^out 
the entire distAuce. Ilie eastern catchment area is entirely too emnll to provide it all. 

Reviewing HaworUi's report, Bain ' accepts these results and 
points out t^at even if the quantity of water contributed from the 
deeper horizons be smaller than that of local origin, it is easily possible 
that it may be the more important in ore deposition. 

No doubt the foregoing views are justified by conditions in the 
Joplin district generally. Special conditions exist in the Miami dia- 
tnct, however, and abundant and exact data show that the mine 
water of that vrea, which is derived almost entirely from the deeper 
sources, is remarkably constant in volume at any given level, but that 
it progressively increases with increase in extent and depth of minii^ 
operations. The mines at Miami are entirely beneath the Pennsjl- 
vanian shale, the shafts penetrating from 40 to 220 feet of the shale 
before they reach ore. The collars of the shafts are raised above the 
reach of surface waters and the clay about the cribbing is well pud- 
dled, so that t^e shafts are practically water-tight, and only a very 
little surface water reaches the mines, amounting to no more than a 
shower down the shaft way. One or two cave-ins beneath mill ponds 
have allowed the ingress of some surface water. In 1908 the writer 
made a preliminary report ' on the Miami district, based on examina- 
tions made in 1907. His conclusions in regard to the flow of mine 
water were as follows: 

A circumstance which has delayed the development of the district u that each 
undertaking requires the raising of 500 ta 750 gallons of water per minute, this <i 

1 Haworth, Erasmus, Special report on lead and tine; KanBSS Univ. OeoL Surve;, vol. S, pp. K-101, UOL 

■ Baia, B. F., Eocm. GMkgy, vd. 2, pp. lSO-190, 1907. 

• Stebeothal, C. E., IOmibI raoameg ol northeastem Oklahoma: U. 8. Oeol. Snrver Bull. 310, p. lift 



BEVIEW OF COBBOBOBATIVB EVIDEKCE. 227 

coime IiaH been tbe caae in most of the new campe In the JopUn region. With the 
lowering of the nndergronnd wAter level of mining the amount of purapii^ ordinarily 
becomee inconadenble. In Ihe Miami diatrict, however, the situation is somewhat 
exceptional. The aurfoce (^ the gronnd is low, not more than 25 feet above Tai Creek, 
the drainage level for the i^ion, and the water-bearing ore stratum is capped by the 
unbroken Cherokee ahale. The mine wat^ is different from the eurface water in other 
camps, being hi^ly charged with H^, like the deeper artesian waters, and the height 
to iriiich it risea may repreeent artedan head rather than the undeiground water table. 
If this be BO, there may be no great diminution of the amount of water with time, but 
on the contrary a possible increase with the development of the underground workings. 

R. R. Heap,' superintendent of the mines of the Lennan Zinc £ 
Lead Co. and the Miami Zinc & Lead Co. at Miami, has recently pub< 
lished a paper on the drainage problems of the region, in which he 
gives figure showing the increase of flow within 5 years and from 
these the following table has been prepared; 

Mine waUr paviped in Miami district, 19ffT-lSi4. 
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aConuniiiilaalAd by R. B. Heap Hay 14, 1914. 

'Thlsdepthrepresentsttielevelof toe water at the pump ihatc and Dot the watei-tkble level; tbegiuii- 
Dty ot wsler nised per minute wni ttiUBfore gndually dimiDtsb until the WHler table baa been lowered 
to Uie depth lndlosl«l, when a constant flow may be eipected of , aay, 1,400 or l,S00g»lliJOS»t the 3a0-(00t 
level, wblcfa, with the throw of the smsll pumps, wlllprobabls give a total of about 2,000 feet tea the canqi. 
™i la BidusiTe of tbe extreme north mbes on Tar Cceeli and the mfnes oa Homshoe Lake iiartbweat of 



The first mines opened at Miami were at the south end of t^e 
present camp, and in mines opened farther north there was a progres- 
sive deepening of the ore horizon in that direction, so that each new 
mine bad to assume the burden of draining the whole camp. The 
increase in depth and in quantity of water to be pumped is shown in 
the foregoing table. With each increase in depth of mining it was 
necessary to lower the water table of the surrounding region to the 
new depth, and this always resulted in a greatly increased flow of 
water, which gradually diminished until the new water table was 
established, when the flow became constant at the figures indicated. 
Heap* has described the pumping operations while lowering the water 
table from 210 to 263 feet. 

The pump worked almoet steadily on a volume of 2,000 gallons per minute for a 
period of 50 days, when the water level had been lowered sufficiently to permit of 



d UiD. Jour., vol. ee, pp. 120^1311, 1913. 
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croBCDttiiig the run. This pnigreaaed slowly because of the neceaEdty of closing the 
doM' after each round of shots and then waiting for the water to diain bdow the top 
valve before op^iing the lower elide gate, which would let the water drain down 
Bofficiently to swing th« door back intn the drift safely. The water pouring in from 
all aides let the H^S escape, which made it neceasary at first to work a double cretv 
half an hour on and off, without even then obtaining good results. These difficuttien 
made the development work progress slowly, and almost two mouths were required 
for drifting sufficiently to permit mining a reasonable tonnage. 

The first diminution in the inflow was noticeable when the water table receded 
below the top of the drift door, from which time the decrease continued at the rate of 
about 100 gallons per minute each week until no soepage through the breccia cemen- 
tations in the face was noticeable. Since thia time, with the face of the drift down dry 
to the floor, the inflow has remained eeemingly constant, being between 1,200 and 
1,250 gallons per minute. The total amount of time consumed in the lowering of the 
vata table from the 210-foot level to the 263-foot was five months. 

Later data communicated by Heap, under date of April 6, 1914, are 
as follows: 

The vtdume <x inflow of water was the heaviest during the first two weeks in Feb- 
ruary, there having been a maximum of 2,150 to 2,200 gallons per minute during the 
second week in February, at which time we had entirely crosscut the run— a width 
of 120 feet. Since then there has been a gradual diminution, until at this writingwe 
are pumping 1,700 gallons per minut«. 

As has been noted above, the water table, in May, 1914, had not 
yet been lowered to 320 feet. Until that point has been reached the 
quantity of water raised may be expected to diminish slowly imtil 
the water table has been lowered to 320 feet, when the flow will 
probably settle down at 1,400 or 1,500 gallons a minute. 

Snider,' arguing against an artesian origin for the Oklahoma ores, 
suggests that " the water in the Peoria and Lincolnville cejnps is not' 
artesian and that in the Miami camp can probably be accounted for 
by the rainfall on ihe territory immediately to the east." The 
ground-water circulation at Peoria and LincolnsviUe is not different 
from that in other camps of the Joplin region where the Boone 
formation is the surface rock. The writer has pointed out that the 
mine waters of the Miami region, when classified according to tlieir 
geochemical properties, fall alongside the deep-wdl waters of the 
region and are not at all similar to the waters of springs and shallow 
wells. The regularity of flow likewise sets them off from surface 
waters. 

a the Itsd and ilac o[ Oklahoma: Oktehoma Geol. Survay BoU. 9, 
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NONCORROBORATIVE EVIDENCE. 

VEBTICAX OBDBB OF THE SULPSIDEB. 

TEBTIOAIi ABRANOBHENT OP LEAD, ZINO, AND IBON SULPHIDES IN 
GENERAL. 

The general experience in lead and zinc r^ons has been repeated 
in the JopUn district in that lead ores were the principal ores first 
mined, a preponderance of zinc ores were mined at greater depths, 
and ores containing more or less iron sulphide were reached in the 
deeper mines. Many individual ore bodies, however, form excep- 
tions to this general rule. In some mines, especially those associated 
with carbonaceous shalee, which protected the ores from oxidation 
and solution, pyrite was plentiful near the surface; in others, zinc 
ores overlay the lead ores. In the sheet ground of the Duenw^- 
Oronogo bdt, which is the deepest levd generally mined in the Jophn 
region, the averse ratio of zinc to lead produced in the period 
1908-1913 is as 1:0.282, and the average ratio of zinc to lead pro- 
duced in mines of the open ground of southwestern Missouri for the 
same period is as 1:0.164, a Uttle more than one-half that mined in 
the sheet ground, although the open-ground mines are, on the average, 
not nearly so deep. 

It has been contended * that this vertical arrangement of the 
metallic sulphides is prima facie evidence that the solutions deposits 
ing the metals were descending, and that the vertical succession 
merely represents the deposition of the sulphides according to their 
solubility. So, too. Bain and Van Hise found in this vertical order 
evidence of the downward sulphide enrichment of the ores. 

Since this vertical arrangement of the metalhc sulphides is undoubt- 
edly general, so far as ore mined is concerned, it will be well to examine 
carefully the conclusion drawn therefrom as to the downward flow 
of the ore solutions and also to indicate certain facts which militate 
against that conclusion. 

VEETICAL OEDEE SHOWN BT CHRONOLOGIC RECORD OP MINE OUTPUT 
OP OPBN-OROUND DEPOSITS. 

The order in which the metals have been mined, represented by 
the statistics of the production of the district, chronologically con- 
sidered, may be, and in fact is, quite different from the vertical rela- 
tions of the ores as they were originally deposited and is also quite 
different from their relations in a single ore body. In other words, 
because certain ore bodies exhibit these relations and because the 
order of production of metals has in general exhibited the same 

uri Bur. Geokgy and Ulues, 
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succeesion, it is not therefore aafe to argae that all depomta of the 
r^on or^jinally showed the same vertical order. 

Buckley and Buehler * a^ue as follows: 

Am ilTeady explained, we find at Gnnby, u well aa throughout the aonthwest 
Minouri disbict, the major portion ot the galena occuiriog above the blende in heavy 
beds or chunks at canpantively shallow deptlu. At Gmnby this heavy deposit of 
galena has occurred mainly fnHn 16 to flO feet beneath the surface, in difi»«nt parts 
of the area, although some of the ore has been found at the gran roots. The occurrence 
of the galena is mainly between flint layese, and is often fnnn 1 to 4 feet in thickness. 
This method of occurrence precludes the possibility of any mechanical segrc^tioa, 
excepting that due to settling of the entire mass. The galena must have been depos- 
ited largely at approximately its present level. These heavy deposits have furnished 
at least three-fourths of the lead mined in the district, and undoubtedly constitute 
at least that pvcentage of the primary deposits. • • • 

In the primary deposits by ascending solutions, as shown above, the galena must 
have been deposited frwn the neutral solutions in intimBite aawciation with the 
blende throughout the vertical extent of the primary ore body. Considering this 
massive galena to constitute only three-fourths of the primary depositB, we should 
have had, in <adet to have concentnted the lead by a descending circulation, at least 
three-fourths of the primary ore body extending above the present htsTzon of the 
lead. In other wi^ds, the present massive segregation <A the galena must be near, 
if not at, or below the base of the first ores depoeited by ascending watete. 

In ordts to provide i<x this vertical distribution of the primary ores, we must con- 
clude that, at the time of their deposition, the Miseiseippian must have extended 
Btratigraphically, to a considerable height above its present horizon, probably fran 
100 to 200 feet, and that eniflion has corned ofi this thickneea of the UissisBippian 
since the first deposition of the ores. 

This argument assumes that the artefiian-circnlation theory 
requires that the quantity of Iea,d and zinc sulphides deposited shall 
be evenly distributed from the bottoui to the top of the ore-bearing 
rocks. This assumption could be true only as it might apply to 
strictly homogeneous rocks, and even in such rocks we should find 
the richest deposits near the surface, where the gases escape. In 
heterogeneous rocks the ores will naturally be deposited in greatest 
abundance in the strata most favorable to deposition. Other 
things being equal, the most common deciding factor in favor of 
deposition, as W. S. T. Smith has pointed out, is the presence of 
open, brecciated ground. Hence the horizon of great ore deposits 
in the Joplin district is that zone of the Mississippian which hes 
just beneath the Pennsylvanian shales and which had developed a 
karst topography before the shale was laid down. This "open" 
or "confused" or "soft" ground of the miner has been the great 
productive zone of the Joplin region. Another horizon at which 
ores are foimd abimdantly is that known as the "sheet ground" 
in the Grand Falls chert member of the Boone formation. Other 
and deeper horizons at which the rocks have yielded some ore and 
which may become more productive in the future are in the rocks 
of Kinderhook age and also at the level of the Chattanot^a shale. 
I Buckley, £, R., and Boehkr, H. A.,ap.clt,tip. lOa-lW. 
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The diagrammatic sketch forming figure 10 is the result of an 
attempt to represent graphically the relation and the vertical dis- 
tribution of galena and sphalerite in the original deposite before the 
more or less comjdete erosion of the Fennsylvanian shale allowed 
the oxidation, solution, and transfer of the ore in the upper parts of 
the ore bodies. The figure represents an ideal composite of all the 
ore bodies of the district and not a section of an individual deposit. 
The places of greatest lateral expansion of the diagrammatic ore 
body represent the horizons most favorable to deposition of the ores — 
that is, the horizons which have yielded the most ore. The dia^ 
grammatic ore body has been so drawn as to represent approxi- 
mately the same relative proportion of lead to zinc as is shown by the 
total quantity of ore produced in the Joplin district to date. In 
the absence of any data showing the depth from which the open- 
ground ores have been de- 
rived, or the relative pro- 
duction of mines in the -^^ 
open ground and the sheet *"" 
groimd except during the 
last few years, it was not 
possible to make the dia- 
gram more than approxi- j f^ii, 
mately accurate. «i^b«- 

A fact generally recog- 
nized in the district — '"*°~ 
namely, that the prepon- 
derance of the ores as ■le'^ 
originally deposited and 

as recovered by miTiing Fioube id.— Diagram stovlng Tsrtiod dlstoUHitkin or galena 
were in the uppermost (L)«nd>,pi«i^ii.(Z)inti«originaio«dBpoBiB. 

strata of the Mississippian rocks — is shown plainly in the diagram. 
In the view of the writer the argument of Buckley and Buehler fiuls to 
take this fact fully into account, and it also fails to consider fully the 
differential solution, transportation, and redeposition of the ores. If 
nothing else remains to show the previous existence of ore minerals at 
any point in the oxidized zone, their former presence at some places 
may be inferred from the geologic relations. In some of the mining 
areas of the Joplin r^on the country rock is largely limestone and 
the chief gangue minerals are dolomite and calcite with some second- 
ary limestone. In such areas in the district the ore minerals in the 
upper part of the deposit might be dissolved and completely trans- 
ported, leaving absolutely no traces of their former presence. In other 
areas, however, the coimtry rocks are cherty and the gangue consists 
lately of jaaperoid, a siliceous, resistant rock. Cavities in the jasper- 
oid having the outlines of crystals of galena or sphalerite testify to the 
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former existence of those minerals. Where such cavities ia the 
rocks show that galena has been present, the impressions of the 
crystals and grains of sphalerite are almost invariably present too. 
Such impreeraons of crystals and grains of sphalerite occur also at 
many places where galena was not present. Hence we may rea- 
sonably conclude that the presence of partly oxidized galena in 
unreeistant rocks is generally good evidence of the former presence 
of sphalerite, though the rocks may now contain no apparent trace 
of sphalerite. If this conclusion be accepted we may not unrea- 
sonably be skeptical of any argument which would attempt to restore 
the original vertical order of the sulphide deposits from the statistics 
of production of all ores, sulphide and oxidized. 

The met^ taken into solution and carried downward may be de- 
posited as the carbonate or as the silicate; or possibly the solution 
may be carried deep enough to mingle with the deeper groiind water, 
to be changed to bicarbonate, and eventually to be deposited as a 
sulphide, just as in the original concentration. How deep the solu- 
tion should go in order to bring about this result can not be deter- 
mined. As before pointed out, it is quite impossible to say whether 
the crust of sphalerite deposited on old spikes and Uke objects in old 
mine drifts is deposited from normal deeper ground water or from 
oxidized mine waters. No wurtzite has been seen in such crusts and 
the inference is that the concentration of acid ions in the depositii^ 
solutions was not strong enough to produce that unstable sulphide, 
which, as Allen * has shown, is formed at low temperatures with but 
small concentration of the stronger acid ions. Allen's conclusions 
are corroborated by the facts that on the two specimens of sphalerite- 
incrusted spikes illustrated by Bain ' there were small calcite crystab, 
which were undoubtedly formed in place, and that the cementing 
matenal was largely calcitic and effervesced freely with dilute acid. 
It therefore seems probable that sphalerite and galena deposited 
under such conditions have not been precipitated from strongly acid 
mine waters but have been derived from solutions not differing 
greatly from the water of the artesian circulation which originally 
segregated the ores. 

The relations of such transferred metals to Ae original vertical 
order of the sulphides may be made clearer by figure 11. The hypo- 
thetical original sulphide ore body, outlined by the broken lines, is 
generalized from the composite ore body shown in figure 10 (p. 231), 
by omission of the irregularities which represent the heavier deposits 
at the more favorable horizons. This ore body, expanding laterally 



SSll-360, 1SI2. 
> Bala, H. F., Preliminar; report on the lead and line dapcetts of the Oisrk ngkm: V. B. C 
r. Kept., pt. 2, pp. ISS^lSa, ItlOl. 
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to indicate the heavier deposits in the "open ground," terminates 
upward against the PennByWanian shale. That part of the former 
galena (a) above the present surface is represented as having been 
carried downward, either residually or in solution, and is now found 
at (6), adjacent to the primary galena ore. The galena, both original 
and transported, ia shown as extending to the present surface of the 
land, for some galena ia even now found at the "grass roota." The 
transported lead is either residual galena or ceruaite or redeposited 
galena or cerusite. Similarly the space (c), indicating the area leached 
of ore on the zinc side of the hypothetical ore body, includes not only 
the area of the former sphalerite ore body above the present land 
surface but also a very considerable area below it, showing the 
greater solubility of zinc ores as <*!«»■««/. -jkwwcc 

compared to lead ores. The zinc 
leached from (c) has been carried 
downward to the region (d), and 
there deposited as carbonate, sili- 
cate, or sulphide. The forgoing 
statement as well as the diagram 
expresses the truth in general terms, 
of course. It does not mean that 
the ore dissolved from the upper 
part of any particular ore body is 
necessarily deposited against the 
lower part of that same ore body. 
On the contrary, the ore removed 
may be added to some distant de- 
posit; and the ore body from the 
upper part of which it was removed 
may have received similar additions 
from afar. 

It is evident that if we take the ratio of zinc to lead at several equi- 
distant levels, such as lines 3, 4, and 5 in the diagram, we shall get a 
constantly increasing figure as we go downward imtil we pass the 
zone of maximum secondary * deposition, below which we should find 
that the ratio of zinc decreases until we reach the bottom of the zone 
of secondary deposition, where the ratio of galena to sphalerite is that 
which is normal to the primary sulphide deposits of the district. As 

■ The t«rnis "primary" and "secondary" 03 used above bave a somen-bat wider slgniflcsnce Uian as 
(rdloarll; lUted in discussions ot downward sulpblde enrlcbmiMit. The new oes may be carbonates or 
sUlcates as well as sulphides; Uio ores are not necessarily and perhaps cot even eonunooly added to the 
lower part of the same ore body Irom which they were extracted: the secondary sulphide (res are Dot de- 
posited as such by substitution lor another sulphide; and finally, enrichmeDt Is not a necessary cmsegueoca 
ot the aolution and redepositlon of the metals. So used, the terms mean simply origlDal and derived. So 
lar as may be seen the derived or secondary sulphides do not diSei from the primary eulpbides, and lb bet 
the only thing that can be doUnitety determined is that some of the sulphides are of 
the others. 
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the horizon of the sheet ground is largely if not altogether below the 
zone of secondary deposition, the ratio of galena to sphalerite in the 
dep<»its at that horizon should be greater than in the deposits higher 
up in the column, except in strata near the surface, where the zinc 
has been in lai^e part leached away. 

The diagrfon assumea that about half of the total lead in the re- 
worked ore body lies above line 4, which is approximately 50 feet from 
the present surface. Therefore, according to the diagram this 50 per 
cent of the total lead has been derived from 50 feet of formation plus 
approximately 40 feet of eroded formation bdow the shale. Buckley 
and Buehler ' say that at least three-fourths of the lead mined in 
the Granby district has been derived from within 60 feet of the 
surface, and they give 74,000 tons of galena ore as the production 
of Newton Coimty prior to 1894, and 11,000 tons of galena as the 
production of the Granby district from 1894 to 1904, inclusive. 
However, if we take the lead production of the whole of Newton 
County since 1893, the lead piwluction before 1894 is not so pre- 
ponderant. According to figures which the writer has compiled 
from Winslow's reports and from the reports of the Missouri Bureau 
of Mines and Mine Inspection, the lead content of ores mined in 
Newton County up to and including 1893 was approximately 54,100 
tons and the lead content of ores mined from 1894 to 1913, inclusive, 
was 33,888 tons. In other words, about 60 per cent of the total 
production of lead to date was mined before 1894. Winslow's ' 
report, published in 1894, gives the depths at that time of various 
mines in the Granby district as about 50 or 60 feet. Therefore 60 
per cent of the total le&d production to date came from within 50 or 
60 feet of the surface. If we bear in mind that the lead production 
year by year will go toward reducing the preponderance of lead 
mined before 1894, we can see that the figures quoted above to show 
the lead production of Newton County are in complete harmony 
with the proportions of the diagrammatic reworked ore body. Fur- 
thermore, it must be apparent that the validity of the artesian- 
circulation theory does not, as maintained by Buckley and Buehler, 
depend on the assumption that as three-fourths of the total lead so 
far mined has come from the upper 50 or 60 feet of the Mississippian 
hmestone, the formation of the total deposit of lead ore must have 
involved the erosion of about 200 feet of similar beds that overlay 
the existing beds. This assumption is not at all necessary, for, 
owing to the expansion of the ore bodies in the "open ground" at 
the base of the Fennsylvanian shale, the differential transfer of the 
zinc which has occurred must have been amply sufficient to furnish 
the preponderance of lead found at the upper level. 

> Buckley, E.R.,uidBii8liler,n. A., TbegeilogyottbeOraDbyiirce: Uissouil Boi. Qiolag; and Hba, 
vol. i, 2d MI., p. 100 [IBM]. 
• Wlmlow, AitbuT, Lead and line deposits: Hlnonil OeoL Burrs;, vol. T, pp. tOi^M, ISM. 
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TEBTICAL OBDEB OF GAU^NA AKD SPHALBBITE IN CAVITIBS TS THE 
8HBBT QBOUlfD. 

In the typical sheet ground of the Oronogo-Duenweg belt the ore 
occurs in sheets between ledges of chert, and these sheets represent 
original strata of limestone that have been replaced by ^ceous 
jasperoid in which the sulphides of lead and zinc are disseminated. 
There may be 8 to 12 or more of the ore sheets separated by the 
barren chert ledges, the whole making up an ore face 8 to 12 feet 
high. Owing to irreg- 
ularities in the chert 
ledges many cavities 
were left between the 
upper surface of the 
JBsperoid and the over- 
lying chert. Moat of 
^esfl cavities have 
been partly or wholly 
filled with ore. The 
crystals of galena and 
sphalerite have an 
etched appearance, but 
it is generally impossi- 
ble to determine 
whether this appear- 
ance is the result of 
solution or is simply 
the form assumed by 
the crystals. Where 
there is evidence of 
later generations of the 
sulphides the amount 
of sulphides deposited 
is inconsiderable. 
Hence to all appear^ 

ances the ores are the product of original or primary deposition. 
In a cavity containing both galena and sphalerite the galena is in 
the upper part and the sphalerite in the lower part. Figure 12 
shows in a general way the conditions that exist in the cavities of 
the sheet ground. The crosshatched layers are jasperoid containing 
disseminated sphalerite and galena. The strata between are chert, 
in which the jointing shown is purely conventional and does not sig- 
nify that there is really any jointing within the limits of the sketch. 
In the cavities the galena clings to the roof and the sphalerite fills 
the lower portion of the space. 
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Figure 13 is from a sketch, drawn to scale, of a cavity in the 
sheet ground at the Underwriters' Land Co.'b " Yellow Dog " mine. 
This cavity (see fig. 13) is more or leas exceptional in that the roof 
is flat instead of being concave upward. A mass of galena, con- 
fonning to the ^ape of the pocket, clings to the roof. Jasperoid 
with disseminated sphalerite fills the lower portion of the pocket 
and ita disposition, it being thinner on the bottom and thicker at 
the sides, shoira that it can not have soUdified from a mud, as some 
have supposed, for the mud would undoubtedly have been thickest 
over the lowest place in the bottom. The jasperoid has apparently 
replaced a sheet of limesttme. In the bottom of the cavity, resting 
upon the jasperoid, is a thin sheet of sphalerite crystals; over this 
is a half-inch sheet of sphalerite with a little jasperoid; and the 
remainder of the pocket 
is filled with sphalerite. 
This arrangement of 
galena and sphalerito in 
the cavities has been 
interpreted as a mani- 
festation of the vertical 
order of sulphide depo- 
sition and hence as evi- 
dence that the ore solu- 
tions were descending. 
Several facts, however, 
militate E^ainst such an 
interpretation: 

1. If the solutions 
descended into empty 
theUDderwrit«8' cavities the sulphides 
' "' should be more or leas 

stalactitic in form, and should consist of galena in the upper part 
and sphalerite in the lower, or of galena in the central core with 
sphalerite surrounding it. But, whether stalactitic in form or not, we 
should certainly expect the sphalerite to be attached to the galena. 
As a matter of fact the galena clinging to the roof of the cavity 
occurs in large, well-developed cubes and the sphalerite on the bot- 
tom of the cavity is of the usual habit of that found in cavities, 
there being generally a horizontal opening between the galena and 
the sphalerite. It is plain that the first galena formed in the cavi- 
ties was deposited on the roofs of the cavities and that the first 
sphalerite formed was deposited on their bottoms. 

2. If the solution carrying the metals descended or ascended into 
such a cavity already filled with the solution, we should expect the 
metals in solution to be diffused through the stagnant solution in 
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the cavity. Under such conditions there is no apparent reason to 
be drawn from the differential solubilities of the sulphides why the 
lead sulphide should seek the roof of the cavity and the zinc sulpBide 
should seek the bottom of the cavity. 

3. The galena and sphalerite in many of these deposits are sur- 
mounted, or even incrusted, with msrcasite. If the sulphides have 
been deposited in vertical order from descending solutions all the 
marcosite in the cavity should be found in the lower part, associated 
with the sphalerite. 

4. As there are eight to twelve or more sheets of ore in the ore face 
of the sheet ground, a number of cavities may lie nearly in a vertical 
line, and in all the cavities the galena has been deposited above the 
sphalerite, a fact that is difficult to explain if the ores were deposited 
trom descending solutions in the usual vertical order. 

5. As the chert strata are unbroken and practically impervious 
over considerable areas beneath which jasperoid has rep]ac«d lime- 
stone, it is reasonable to suppose that the solutions have here moved 
laterally for considerable distances. If this supposition is true (and 
facts at hand seem to substantiate it), then the occurrence of galena 
above sphalerite in cavities in these areas, instead of being evidence 
of descending solutions, is a phenomenon itself requiring explanation. 

It has already been pointed out that the ratio of lead to zinc in 
the sheet ground is about twice what it is in the open ground above, 
a ratio altogether unhke what we should expect to find if the sulphides 
were deposited in the usual vertical order from descending solutions. 

VERTICAL OBDBK OF GALENA AND SFHALKBITB IN CAVITIES IN THE 
OPEN GEOUND. 

In the open, broken ground deposits many flat slabs of chert or 
Umestone are apparently surrounded by gangue material carrying 
disseminated ore. The gangue may consist altogether of jasperoid 
containii^ disseminated ore, or it may consist of calcite, dolomite, or 
secondary limestone, or of all three together, carrying disseminated 
ore. It is evident that such slabs, exclusive of the supporting bases, 
have been surrounded by the ore solution. Even if the solution were 
descending it would necessarily have to flow around the slab to reach 
its under surface. Yet at a great many places the vertical habit of 
occurrence of galena and sphalerite in cavities has asserted itself under 
such slabs, the galena clinging to the under surface of the slab and 
the sphalerite occurring some distance below, the two being separated 
by gangue material. Figure 14 represents an example from the 
Aigosy mine at Spring City. Figure 16 represents an interesting 
illustration of the same habit in the H^oween mine, at Spring City. 
The pecuhar structure here shown is found also in some replacemente 
by dolomite, and is probably inherited from the original limestone. 
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Figure 16, representing the manner of occiurence of the ores in 
the Ruby TVust mine, at Granby, Mo., is copied from Buckley and 
Buehler." 



lU 



FiaOKE 14.— O^na over spbslalW In cavltj' Id the Aigosy mine, Spring City, Uo. 
OBE BODIEa m BRECCIA-FILLED OATITIES. 

Smith' believes that the observed vertical order of the sulphides 
represents normal deposition from asceDding solutions, and cites in 
proof the distribution of the sulphides in the Hegodamine, of Joplin. 
The ore body in this mine was of elliptical outline, measuring 90 by 
140 feet, and reached a depth of 70 feet. The ore was first mine*! 



FiointB It.— QaUna over gptulerlte In tbe Hailoweeu mine, Bptlng City, If o. 

from the top and ore was taken out progressively downward to the 
bottom of the deposit. The record of the output of the mine thus 
represents in fair measure the vertical order of occurrence of the 
sulphides from the top downward. At first galena was in excess, 
then galena, and sphalerite were about equal, then sphalerite was 

1 Buckley, E. R,, and Buehler, H. A., Oeology of the Granby irea: Mbaoucl Bur. Qe<diigy and Hloes, 
2d s«r., vol. 4, p. «0 peoa). 
< Smith, W. S. T.,and Slebenthal, C. E., U. B. Oeol. Survey Geol. AtlM, 7apIIn Olatrin foUo (No. 14g}, 
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much in excess, then galena was in excess, and finaUy, at the dose 
of operations, galena and sphalerite were nearly equal but the ore 
carried considerable pyrite. This circular ore body was in c^ert 
accompanied by more or less dolomite, and was oTerlain by a patch 
of Fennsylvaman shale and of the same shape and size in horizontal 
cross section as the ore body. Oxidation had scarcely more than 
begun, as indicated by softened dolomite, tallow clay, and mud at 
the top of the ore body, but there were no signs that any of the 
sulphides had been dissolred and carried lower. Smith thinks th«« 
is little doubt that the ore was the result of primary concentration 
by ascending waters, and therefore concludes that the vertical rela- 
tions of the sul- 
phides shown by the 
ore body were de- 
pendent on condi- 
tions governing the 
deposition of the 
ores from ascending 
solutions. He inti- 
mates that the ex- 
planation of the 
vertical relations of 
the sulphides in ore 
bodies may be akin 
to the explanation 
of their relations in 
cavities in the sheet 
ground, relations 
suchashavealready 
been described, 
which he su^eata 
may be due to the 
preference exhibited by galena and sphalerite, as well as by calcite 
and dolomite, for certain of the bounding walls of the cavities in 
which they occur. 

The ore bodies in the open ground occur in coarse breccias in which 
there must be the greatest d^ree of freedom of circulation. Such 
an ore body is, in effect, a deposit in a breccia-filled cavity, in which 
the conditions controlling ore deposition must be essentially similar 
to those holding in small cavities. 




FraOBE 18.— Manner o( ooourrence of the ores in the Kuhj Trust mine, 
Gninby, Mo., alter Buckley and Buehler. "The galena Is attached to 
ths roaf , and the calamine (firms a sheet paialiel to the cap roclc.*' 



At Miami, Okla., the surface coverii^ of Pennsylvanian shale has 
prevented surface water from reaching the ore bodies and hence there 
has been no oxidation and solution of the deposits and no formation 
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of oxidized ores or secondary sulphides. The FennsjlTaman shale 
must also hare prereuted the descent of surface solutions during the 
deposition of the ores. Nererthelees, the galena tends strongly to 
occur in the upper parte of the ore bodies and to take the upper sur- 
face of small cavities, whereas the sphalerite tends to take the lower 
parts. TiuB arrftngement can not possibly be explained as a mani- 
feetation of the vertical order of sulphide deposition by downward- 
moring solutions, because no solutions moved downward in this area. 
The arrangement of the sulphides in this region, therefore, must be 
normal to or imposed upon the deposition from ascending solutions. 

lateral obdbb of sulphides in sheet qbound neab the 
"cornfield BAE." 

Those who see in the ore deposits of the Joplin region a vertical order 
of sulphide deposition representing the relative solubilities of the sul- 
phides have in mind, unconsciously perhaps, the deposition of the sul- 
phides by descending solutions in a confined fissure or vein in which 
there is not sufficient precipitant to bring down all the metals. If 
there is an excess of precipitant in such a fissure all the sulphides will 
naturally come down together. There is nothing strictly comparable 
to a vein or fissure in the Joplin region, yet very generally in the sheet 
ground and at many places in the open ground, especially where the 
ores occupy an underground water channel, the flow of the solutions, 
which was there lateral instead of vertical, was to a considerable ex- 
tent confined. In such places galena might appear in greater force 
near the source of supply — that is, the master opening — sphalerite 
coming in stronger as the distance from the master opening increases. 
In most such places the excess of precipitant in the solutions might, 
by throwing down all the sulphides, obHterate any trace of s lateral 
succession in the deposition of the sulphides, depending on the direc- 
tion of flow. Nevertheless a tendency toward such a succession 
has been observed. Several years ago the writer described ' a struc- 
tural feature in the sheet ground which he called the "Cornfield bar," 
a long narrow belt of open, bowldery, shale ground which reached 
from the surface downward through the ore-bearing sheet ground that 
stretched away on either side. Manifestly this opening, with either 
ascending or descending solutions, was the master opening and was 
the chief path taken by the solutions. Ascending under pressure 
or descending under gravity or by diffusion the solutions would 
naturally spread out in the sheet ground. It was a matter of common 
observation among the operators of the sheet-ground mines adjoining 
the "bar" that the ratio of galena to sphalerite was greater near the 
bar than it was farther away. Evidently the solutions moving out 
:., SttncloiBl IcBtnnB ol tbe JopllD dbldot; Eoon. 0«»lo^, Td. 1, pp. tI»-U8, 1806. 
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into the sheet ground exhibited a tendency to deposit the sulphides 
in the reverse order of their solubility. Yet it was in this very area, 
while studying the "Cornfield bar," that the writer first had oppor- 
tunity to note the universal superposition of galena on sphalerite in 
pockets in the aheet ground. If the lateral order just described was 
due to lateral currents, then the vertical order in the pockets was due 
to something entirely disconnected from the direction of flow of the 
solutions. 

DIFFUSION A OBBATER PAOTOR THAN DIRECTION OP PLOW. 

As the ore solutions in the openings in the sheet ground and in the 
cavities of the open ground must have moved very slowly, or have been 
practically stagnant, diffusion must have been almost everywhere 
sufficient to overcome any tendency toward deposition of (iie sul- 
phides in a vertical order dependent on the flow of the solution. 
Only such physical forces as come into play in a free cavity filled with 
a mixed solution can have operated. Buckley and Buehler have 
commented on the effect of diffusion as follows : ' 

Di£[usion becomes of the utmost importance in slowly moving wateta, aa below the 
level of ground water. It is thought that the location of the major portion of the 
secondary galena in the upper part of the openings, where it is associated with the 
calcunine, is laigely due to this factor. 

The present writer is at a loss to understand how diffusion accom- 
plishes the concentration of the galena in the upper part of the open- 
ings and why the effectiveness of diffusion should be limited to solu- 
tions depositing secondary galena. It would seem that any slow- 
moving or stagnant ore-bearing solution should be subject to diffusion, 
and if there be some inherent property of lead requiring it to seek the 
upper bounding surface of the cavity for a locus of deposition that 
property should be as effective with lead in primary solutions as in 
secondary solutions. 

ATTEMPT TO REPRODUCE THE VERTICAL ORDER EXFEBIMENTALLY IN 
A QUIESCENT SOLUTION. 

In an attempt to reproduce in the Survey chemical laboratory the 
conditions of such segregation, Chase Pahner put a mixture of lead 
and zinc solutions in a glass cylinder, in the center of which a bar 
of clean iron was si^pended vertically. A feathery, dark precipitate 
formed on the iron bar and arranged itself in two nodes, the middle 
of (he bar being nearly free. The precipitate was very light and fell 
away from the iron bar when it was removed from the solution, so that 
no quantitative determinations could be made. W. George Waring, 
of Webb City, Mo., repeated the experiment at my request, using a 

' Buckle;, E. It., and Buebler, H. A., Geology of th« Granby area: Ulssourl Bui. Oeologr HndUinK, 
. 2d UT., vol. 1, pp. eS-09 |19Dq. 

84551°— Bull. 606—15 16 
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bar of alummum and dividing the solution midway of the bar with a 
membranous septum. The precipitate, which formed mostly during 
the Erst few hours, was analyzed with these results: 

ATuilyie$o/precipitaU*ofl«ademdzmi;/orTMdojia bar of aluminum. 

(W. OaatE* WKlnj, inalyit] 

On upper part of bar; uuiignms. 

Lead 310.8 

Zinc 11.9 

Sulphur 4. 8 

On lower part of bar: 

Lead 302.3 

Zinc 14.0 

Sulphur 4.5 

The precipitates thus consist almost wholly of metallic lead and 
are but a form of the familiar "lead tree," Although the precipitates 
on the upper and the lower parta of the bar do not differ materiaUy, 
the slight difference shown indicates the deposition of more lead above 
and more zinc below. If precipitation could be made somewhat 
slower, with more nearly equal precipitation of zinc and lead, espe- 
cially if they were thrown down as sulphides, possibly the vertical 
differentiation obtaiued experimentally might more closely approach 
that found in nature. 

CONCLUSION. 

The vertical order of deposition of galena and sphalerite manifests 
itself beneath impervious slabs, where the solutions must have 
moved horizontally. It shows itself in deposits beneath a covering 
of impervious shale, where there can have been no descending solu- 
tions. That the ratio of lead to zinc in the ore mined in a district 
decreases as mining progresses from the upper levels to the lower 
levels is not proof of an original vertical order but is a result of the 
reworking of the ore bodies induced by the differential solubilities of 
the sulphides, together with the deposition lower down of the metals 
leached from fhe ore bodies. With a sufficient supply of the pre- 
cipitant there can be no order of deposition, for all sulphides come 
down together. The vertical arrangement of the sulphides, as found 
in the Joplin region, is therefore apparently independent of the 
direction of flow of the solutions. 

The writer incUnes to hold that the vertical relations exhibited by 
galena and sphalerite when they arrange themselves in a cavity, 
whether a small cavity, as in the sheet ground, or a laige cavernous 
opening filled with breccia, as in the open ground, is a molecular 
phenomenon, a manifestation of the inherent molecular activities of 
these two minerals. The two sulphides seem in some way to be able 
mutu^y to orient or polarize each other in a vertical direction. It 
is quite within the bounds of possibihty that radial earth cuireats 
may be concerned in the phenomenon. 
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STBTHESIS OF IRON AND ZIITC Stn.FHIDES. 

The work of E. T. Allen ' and his associates at the Geophysical 
Laboratory of the Carnegie Institution has thrown much light on the 
relations to each other of the two diaulphides of iron— pyrite and mar- 
casite — and on the like relations of the two sulphides of zinc — sphal- 
erite and wurtzite. It has shown that pyrite and sphalerite are the 
stable fonns, marcasite and wurtzite inverting to pyrite and sphal- 
erite, respectively, at temperatures of about 450° C and about 
1,020° CJ The temperature 450° C. is not definitely fixed, but at a 
temperature aa low ag 400° C. no change could be observed during 
the time of a laboratory experiment. The change at 450° C. is not 
reversible like that which occurs at a true "inversion point," but it 
goes in only one direction and becomes slower and slower aa the tem- 
perature falls until at low temperatures it is infiniteeimal or zero.* 
At different temperatures, constant from four to six weeks, crystal- 
lized pyrite, marcasite, sphalerite, and wurtzite were obtained. Crys- 
talline marcasite has been repeatedly made at room temperature and 
pure pyrite haa been prepared at 70° C. Sphalerite has not been 
crystallized below 200° C, and wurtzite not below 250° C* From 
alkaUne solutions only the stable compounds, pyrite and sphalerite, 
were formed; from acid solutions marcasite and wurtzite were 
obtained, and sometimes pyrite and sphalerite. The following rules 
were found to hold: (1) At a given temperature the greater the acid 
concentration the greater the quantity of marcasite or wurt^te 
formed; (2) with a given acid concentration the higher the tempera- 
ture the greater the quantity of pyrite or sphalerite formed; (3) the 
lower the temperature the lower the acid concentration required to 
yield a given quantity of marcasite or wurtzite. Although the 
authors specifically warn the reader that the interval between the 
temperatures at which the crystallized sulphides were obtained and 
the temperatures of normal ground water is too great to be bridged 
by extrapolation, yet it seems necessary to consider the general 
trend of the results in relation to the problem of ore deposition in 
hand, particularly as the microscopic examination (see pp. 186-187) 
of the sediments from the springs at Sulphur Springs, Ark., showed 
only pyrite depositing from those waters which are faintly alkaline 
or neutral. 

The sulphides of the Joplin district here considered are pyrite, 
marcasite, and sphalerite. Wurtzite has been found in small crys- 
tals in a single mine. (See p. 258.) According to the results expressed 

'ADaa, E. T., Ciaubaw, 1. L.,and JobusoD, J., Tbe mineral sulphides o[ Iran, villi dTstaUographlo 
Btndf by E.a.Laisea; Am. Joui.Sci., 4th ser., vol. 33, pp. 160-236, 1912, 

Allen, E.T.,aDdCifiiBhaw J. L., Th« aalphldce of ilnc, cadmium, and mucury; their oysUlUne brms 
and genetic conditions; mliTDscoplc study b; H. £. Herwln: Am. Joui. 8cl., 4tli sec., vol 34, pp. 341-3M, 
1912. 

m£.T.Allai,jDl7n.iei3. 
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above, marcasite is deposited from acid solutions only, at tempera- 
tures as low as 25° C, and both pyrite and marcasite may be deposited 
from such sotutioofi at temperatures between 70° and 300° C, It 
is but natural to see reason in this for believing that the Joplin ores 
must have been deposited from acid solutions at temperatures nonnal 
for ground water. Yet there are difl&culties in the way of sweeping 
conclusions. For instance, there is the association of marcasite and 
calcareous rocks. Allen says : > 

Tbera is one &u:t concernuig the occunence of muosite and metecimubar which 
should be mentioned. Both ue eometimee MBOciat^d witli caldte. Whether w 
not they ue pangenetic is a doubtful question. (Lisdgren,) If tbe caldte ia mt 
subsequent to the sulphides one would be led to suspect that the original solution 
must have contained bicarbonates And sulphates. The synthetic work would lead 
us to expect pyrite from such a solution; still tbe quantity of free acid required for 
pure marcasitA is very voall at low tempentures and it may be that the Feaction 
FeSO.+H^+S— FeSi+H^Oj would produce marcasite when the initial concentia- 
tion of acid was no gTC*t« than it is in calcium bicarbonate solutions. 

The common association of marcasite with calcareous rocks has 
.been remarked by Julien,' who, contrasting marcasite with pyrrho- 
tite, says: 

This [marcasite] is a steely grayish white mineral, often affected by a greemeh 
tinge, crystallizing after an entirely difierent system, the rhombohedric, and having 
a pacutiar tendency to originate in calcareous rocks, e. g., the chalk of England 
and the Carboniferous and Trenton limestones of this countiy. From a pound of 
the latter rocks from JefFereoa County, N. Y., digested in acid, over an ounce ot 
marcasite, in drusy crusts of pure and brilliant crystals, was left as a dork sediment. 

And further: • 

Marcasite constitntee largely or altogether the pyritee occupying thin seams v 
coatings in the coal beds, lignilic shales, and dolomites of Saxony and Cornwall, the 
chalk, many limestones of America, and, in general, the imaltered sedimentvy 
rocks, such as sandstones, graywacke schists, peat, clay, bituminous coals, cbsIh d 
foKols, and also veins of galenite. 

The common occurrence oi Qm mineral in calcareous beds, e. g., the chalk of Eng- 
land, the Trenton limestone o( New Yotk, the CarbonifeMus limestones of Wisconsin 
and Illinois, etc., suggests the posibility that the presence ot calcium carbonate, 
under certain conditjons, may determine the CFyBtaUization of iron diaulphide us 
marcamte rather than pyiit« in a way similar to that ot the crystallization ot calcium 
carbonate as aragonite rather than calcite in the preeence of sbontium carbonate 
gypsum, or salts of lead, as shown by Credner. 

The interior of many of the large scalenohedral crystals of caldte 
that line Eoach's Crystal Cave, in the outskirts of Joplin, Mo., con- 

[ liac, oadmluin, and macnrri Oxlr 
[. E, HvwiD; Au. Jour. BuL, 4th n 
p. 382, 1013. 

iJnliai, A. A., Tb« mlcroBGoplcal stmotura at tb* Iron pfilUK N. Y. UkzoBcopkal Sue. Jour., 
snthor'B separate, p. 3, 1886. 

1 jaUen, A. A., On tbe vaibtlon of dMompoelUon In the Iron pyrites, Its cause and ite iBlatloi to 
denslt;: New York Aoad. Sd. Annals, vol. 3, pp. 395-306. 1886. 
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tain zones of slender rods or fibers of marcasite, which are arranged 
normal to certain planes tiiat probably represent crystal faces, 
though such planes rarely coincide with any faces on the CTystals.' 
A calcareous geode from central Missouri that is lined with small 
Cftlcite scal^iohedrons contains rhombic dodecahedrons of pyrite, 
'vhich are penetrated by blades of marcasite, and both the pyrite 
and the marcasite are imposed upon or partly or wholly embedded 
in the calcite crystals. Blades and rods of marcasite penetrate the 
calcite crystals in all directions. There can be no possible doubt 
that the marcasite and the calcite are paragenetic. Furthermore, in 
the Joplin district calcite and dolomite are among the common 
gangue minerals. Dolomite, with sphalerite and galena, is dis- 
Beminated through jasperoid, showing that their deposition is 
contemporaneous. 

Meteoric waters containing carbonic acid enter the tmdei^round 
circulation, and in passing through rocks containing cidcium or 
magnesium carbonate a portion of the carbonic acid combines with 
the calcium or magnesium carbonate, taking it into solution as the 
bicarbonate, in this wise : 

CaCO, + HjCO, = CaCHCOJ, 

If the rocks are sufficiently calcareous to use up all the carbonic 
acid in the water in forming calcium bicarbonate, nearly all this 
will hydrolyze, giving an alkaline reaction to the water, thus: 

Ca(HCO,), + 2H,0 = Ca(OH), + 2H,C0, 
Ca" 2H 

20H' 2HC0. 
Complete. Very slight. 

The ionization of calcium hydroxide ia nearly complete, but that 
of carbonic acid is shght, so the concentration of hydroxyl ions is 
greater than the concentration of hydrogen ions and the reaction is 
alkaline. 

But if a considerable excess of carbonic acid remains in solution, 
by ionization as above, the hydrogen ions may equal the hydroxyl 
ions in concentration, making the water neutral in reaction; or the 
hydrogen ions may exceed the hydroxyl ions in concentration, and 
then the water becomes acid in reaction. 

Both the shallower and the deeper waters of the Joplin region 
carry free carbon dioxide, and as the deeper waters contain lees of 

■ Tbb IntraeeUng occmmiM at manaalte tods In caldto crystab has been dracrlbed at some length bj 
H.B.UerwlD (Am. JcHiT,8cL,ttbseT., vol.38, pp. S56-3£S,iau). tt had abo been brieUr noted b; AitJiuT 
Window (Hlwoarl Oeol. Sorvef, vol. 7, pp. £eS-fi9T, UM) and by A. F. Kogeis (Kansas Univ. Oeol. 
Borver, voL 8, p. 17T, IWM). 



..Google. 



246 ZINC AND LEAD DEPOSITS OF THE JOPLIK BEGION. 

the earthy bicu-bonatee in solution they are Ukely to contain a 
larger proportion of free carbon dioxide, though this statement is 
scarcely susceptible of proof by the analyses herein giyen, for the 
quantity of free carbon dioxide in any water can be determined 
accurately only at the well or spring, and such determinations are 
not usually made. Both the shallow and the deep waters are there- 
fore probably slightly acid in the chemical sense of that term. 
(See pp. 85-88.) 

HoweTer, the term "acid water," as used in connection with 
mines and ore deposits generally, indicates a water containing free 
radicles of the stronger acids — such as sulphuric, hydrochloric, or 
nitric — and as the acid mine waters are usually a result of the oxi- 
dation of sulphide ore bodies, the predominating acid radicle is 
usually sulphate. As already noted (p. 196), it is acid waters of this 
character that Buckley and Buehler had in mind in discussing the 
origin of the Joplin deposits. The occurrence of ores with calcite 
and dolomitic gangues would seem to negative the conception of 
free strong acids in the solutions from which they were deposited. 
Wurtzite, as is pointed out above, has been obtained only from 
solutions containing free strong atdds. Noelting,' who has made 
perhaps the most extensive study of wurtzite, reached the conclu- 
sion that wurtzite is always secondary. If secondary it must have 
been deposited from acid solutions. Wurtzite occurs in the United 
States in quantity at the Gagnon mine at Butte, Mont.,* and in the 
Horn Silver mine, near BVisco, Utah,* and it is beUeved to be second- 
ary at both places and to have been deposited from descending acid 
sulphate solutions. A little wurtzite also occurs at G(ddfield, Nev,, 
as noted by Ransome,* and in the Era district, Idaho, as noted by 
Umpleby." The occurrence at Goldfield is thought to be due to 
deposition from descending sulphate waters, but the deposit in Idaho 
is intergrown with calcite in such a way that Merwin* and Allen' 
conclude that the wurtzite and calcite have crystallized simulta- 
neously out of solutions that were practically neutral, or at least 

1 NoAltlng, JoboimeB, Ueber daa VeriitlltniaB der Bogciumiteii BchaleDblende lur rajulftreri Btonde imd 
lum beiBCOoaleii Wurtilt: Inaug.-Clss., p. 28, Kiel, 1887. 

> Fearc«, Richard, the asswiatlon of minerals In th« Oagnon mine, Bntte City, Uont.; Am. Inst. Kin. 
Bug. Trans., toI. 16, pp. BZ-M, leSS. 

• Butler, B. 8., Otology and ore deposlu otthe Ban Franclsoo and adjacent dbtrlcts. Ulah: U. B. OeoL 
Survey Prof. Paper 80, pp. 9S-B5, liS-UO, 1013. 

• Bansome, F. L., WnrtilM at OoldAeld, Nev.: Washlngtan Acad. BoL Jour., toI. 4, pp. tSt-ISi, 1914. 

> Umpleby, J. B., Oeology and ore deposits at the Uaoke; ragloo, Idabo: XS. S. O«ol. Survey Fnf. Fipw 
In preparation. 

• Merwin, H. E., The Blmultancoui cryBtalUiatkoi of caldte and certain aolphldcaot bun, copper, ud 
line; a cryatoUographlc study: Am. lonr. Bci., 4tJi B«r., VoL 38, p. 367, 1914. 

' Allen, B. T., and Crenshaw, J. L., ESect ol tempnatore aod acidity In the Ibimatlon of marraslle 
(FeBiJ and irurttite (ZnS); a oontiihutlon to the etnesla of unstable (Onns; mlcnaooplc atady by n. S. 
Merwin; Am. Jour. BcL, 4th bv., voL as, p. 428, 1914. 
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that contained no scid stronger than carbonic acid. The Buiall 
crystals of wurtzite reported from the Joplin district (see p. 258) 
may have been deposited from nearly neutral waters containing free 
carbonic acid, such as water of the artesian circulation, but the 
rarity of the mineral and its occurrence, so far as known, only in 
stdactites (see pp. 258-264) has led the writer to conclude that in the 
Joplin district it is secondary in origin, having been deposited from 
descending acid sulphate waters. However, the practical absence of 
wurtzite in the Joplin depc^its points to the practical absence of 
waters containing the strong acids and indicates the deposition of 
the ores from solutions no more acid than calcium carbonate solu- 
tions. We find demonstrably recent deposition of blende upon iron 
implements in mines and upon the walls of abandoned and sub- 
merged mine drifts, but no example of the deposition of wurtzite. • 

Therefore, so far as the synthetic experiments by Allen and his 
associates throw light on the subject, they indicate that the Joplin 
ores were deposited from solutions of no greater acidity than calcium 
bicarbonate solutions. Under the artesian - circulation theory the 
ore solutions are identical with the water of the bordering deep wells, 
which carry calcium and magnesium bicarbonate in solution as well 
as free carbon dioxide and hydrt^en sulphide. 

The sediments from White Sulphur Spring and Black Sulphur 
Spring at Sulphm- Springs, Ark., contain zinc, lead, copper, and 
iron, according to the analyses cited in the table on page 164. These 
waters, when examined by Allen, were found to be neutral or 
faintly alkaline. Under the microscope (see pp. 186-187} the sedi- 
ments showed pyrite crystals but no marcasite, sphalerite, or galena. 
Calcite crystals are forming with pyrite in the White Sulphur Spring . 
and quartz crystals are forming with pyrite and impure calcite in the 
Black Sulphur Spring. Waring's analysis of White Sulphur Spring 
(No. 35 in the table) shows 6.1 parts per miUion of free carbon 
dioxide. The odor of hydrogen sulphide is plainly discernible about 
both springs, and Menke's analysis of "sulphur" water (No. 72 in 
the table), taken probably from the Black Sulphur Spring, showed 
that the water held a small quantity of the gas in solution. Marcasite 
forms contemporaneously with calcite (see pp. 244-245), but here cal- 
cite and pyrite are forming, with no nLarcasite. The ore solutions 
therefore appear to have belonged in the neutral zone in which a shght 
increase in the amount of carbonic acid could change the character 
sufficiently to determine the formation of marcasite but not enough 
to permit the formation of wurtzite. 
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8DPFI0IBN0T OP SOUBOB. 

The average thickness of the Cambrian and Ordovician rocks of 
the Ozark region as ori^aUy de[)osited must have been not far 
from 1,500 feet. In this aeries of rocks there are foiir or more sand- 
stone formations, having a total thickness of about 350 feet. Roberta 
son's anfJyses, akeady cited (p. 78), show the zinc content of the 
dolomitic limestones in the series, but the sandstones were not tested 
for their metal content. They may therefore be omitted from any 
estimate of the total zinc content of the Cambrian and Ordovician 
rocks, so that the thickness of dolomitic limestones to be considered 
is 1,150 feet. A square mile of sediments 1,150 feet thick would 
have a volume of 32,060,160,000 cubic feet. The area of the Ozark 
dome lying within the mai^in of the Pennsylv&nian rocks, and there- 
fore subject to the artesian circulation, is about 40,000 square miles- 
Buckley and Buehler ' give the weight per cubic foot of seven samples 
of dolomitic limestones of this series, token from several quarries in 
Missouri. The avto^e weight for the seven samples is 156.1 pounds 
per cubic foot. Robertson's analyses show that the Cambrian and 
Ordovician limestones contain an average of 0.0425 per cent of zinc 
By taking the total volume per square mile in cubic feet, t^e total 
area in square miles, the weight per cubic foot, and the average zinc 
content as factors we find that these limestones contain 42,539,000,000 
tons of zinc. 

The total zinc content of ore produced in the Ozark region to 1912, 
inclusive, as near as can be figured is about 3,250,000 tons. We 
may allow as much more for future mining. The loss of zinc in mining 
and concentrating in the Ozark region is about 50 per cent, so that 
Ihe total original zinc content of ore bodies mined and to be mined 
in the region was 13,000,000 tons. The quantity of zinc in dep<»its 
that will never be discovered and in deposits too lean to work is hard 
to estimate, but we may put it at 26,000,000 tons, equal to twice 
that in deposits which have been mined and in deposits which will be 
mined, making a total of 39,000,000 tons of zinc, which we may 
accept as a reasonable estimate of the zinc that has been leached from 
the Cambrian and Ordovician rocks, transported down Qie dome, 
and segr^ated into workable or unworkable ore bodies. 

By comparing this 39,000,000 tons with the 42,539,000,000 tons of 
zinc which, according to Robertson's analyses, the Cambrian and 
Ordovician rocks originally contained, it is seen that less than one one- 
thousandth of their zinc content has been leached from those rocks. 

n Bar. OMlogf BBd 
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After due allowance has been made for the fact that,. as Robertson's 
samples were collected largely from the central and eastern parts of 
the uplift and were therefore laid down nearer to the original Archean 
nucleus they were possibly richer in the metals than the average 
rock of the region, it is nevertheless plain that the Cambriau and 
Ordoviciau rocks were an ample source of the zinc. 

SUFHOIEHOT OF TIUE FOB QBE SEOBBaATION'. 

As the average thickness of the Cambrian and Ordovician rocks of 
the Ozark region as originally deposited must have been not far from 
1,500 feet, a square mile of these rocks 1,500 feet thick would contain 
41,817,600,000 cubic feet. Buckley and Buehler' give the porosity 
of seven samples of dolomitic limestone of Cambrian and Ordovician 
age taken from various quarries in Missouri. The average for the 
seven samples is 9.5 per cent. At this average porosity the total 
pore space in a square mile of dolomitic limestone 1,500 feet thick 
would be 3,972,772,000 cubic feet. The pore water filling this space at 
62^ pomids to the cubic foot would weigh somewhat more than 
124,000,000 tons. 

Chase Palmer determined the zinc content of the water of a 
deep well at Claremore, Okla., as 0.75 of a part per million, and of 
the water of the waterworks well at Pittsburg, Elans., as 0.44 of a 
part per mUhon; and E. H. S. Bailey determined the zinc content 
of the Pittsburg water as 0.6 of a part per million. The average of 
these three determinations is 0.6 of a part per million. W. George 
Waring has determined the zinc content of the water from the 
Whitaker Park well at Pryor Creek, Okla., as 1.5 parts per milhoD. 
It is possible that these waters are richer in zinc than the average, but 
on the other hand it is very probable that the first water circulating 
through the rocks dissolved and carried away more of the metals 
than were carried by the waters in more recent time. The average 
figure, 0.6 of a part per milhon, may therefore be regarded as a 
moderate estimate of the avert^e zinc content of the ground water 
in the Cambrian and Ordovician formations from which the Clare- 
more and Pittsburg wells draw their supply. The pore water in 1 
square mile of these sediments, 1,500 feet thick, would therefore 
contain, in round numbers, 75 tons of zinc. As already noted, the 
area of the Ozark dome within the mai^;in of the Pennsylvanian is 
about 40,000 square miles. This would give a zinc content of 
3,000,000 tons iu the pore water of the Cambrian and Ordovician 
formations of the Ozark re^on. It has already been estimated that 
39,000,000 tons of zinc has been leached from the rocks and trans- 
ported to the present deposits. If the pore water contains 3,000,000 
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tonB of zinc, it will need to be changed 13 times to transport 39,000,000 
tons. 

The avflrage radius of the Ozark dome inside the Pennsylvanian 
border is about 120 miles. The average radial path of water flowing 
down the sides of the dome will therefore be about 35 miles; but the 
mean effective artesian path will be longer than this, for the belt of 
shallow circulation (lu^oly in Mississippian rocks) near the margin 
of the dome should not be included in estimating the mean, though 
its width should be added to the mean when that is derived. If we 
estimate this belt as about 25 miles in width, we shall have about 60 
miles as the true effective mean artesian path, and this is probably 
not far from right. Now, if the water has to flow down the sides of 
the dome and be replaced 13 times, the total time necessary will be 
the time required for water to travel 13 times 60 miles, or 780 miles. 

In the absence of experimental data it is difficult to make an 
estimate of the rate of flow through such rocks. The pore spaces in 
dolomitic limestone are probably in large part discontinuous, so 
that the rate of flow would be slow. But it is not at all necessary 
or even reasonable to assume that the radial flow down the dome is 
through the dolomite itself. A large part of the water undoubtedly 
flows through joints, through arenaceous or otherwise porous strata, 
and along the bedding planes. This assumption, however, does not 
imply that such flow will not be effective in dissolving the metals 
from the dolomite and transporting them to the mineral areas. To 
the writer it seems more hkely that the searching out and solution of 
the disseminated metals in the hmestones is the work of ground 
water that saturates the limestones and works its way downward or 
upward (downward in the earlier and upward in the later stages of 
its artesian journey) through the dolomitic strata from one bedding 
plane or porous layer to another. Such passage would be relatively 
short and would deliver the metals to the more swiftly moving 
solutions in trunk channels by which they would be transported to 
the areas of mineralization. The rate of flow to be estimated, then, 
is that in the trunk channels and aquifers of the Cambrian and 
Ordovician rocks of the dome. 

The main aquifer of the Cambrian and Ordovician of the Ozark 
area is the St. Peter sandstone, or " Pacific" sandstone, as it has been 
known in Missouri. This sandstone varies in size of grain from fine 
to coarse. No measurements of the porosity or grain of this sand- 
stone from Missouri are known, but Buckley ' gives the porosity of St. 
Peter sandstone from Argyle, Wis., as 19.06 per cent and gives a 
microphotograph of a thin section from which the average diameter 
of the grains can be calculated at about 0.27 millimeter. The average 



^yGooglc 



TESTS OP AHTESIAN-CIBCULATIOK THBOBY. 251 

slope of the Ozark dome from the center toward the southwest is 
figured at 6.6 feet per mile. By substituting these data in Slichter's 
formula' for calculating the flow through soils, we get a probable 
rate of flow through the St. Peter sandstone of 6.8 feet a year. To 
insure an estimate that will not be excessive, 5 feet a year will be 
taken, and no estimate will be made of the flow through joints and 
along bedding planes. In order to change the ground water 13 
times, the number of times necessary to transport the total quantity 
of zinc contained in the ore bodies 780 miles, as computed above, 
it would require somewhat more than 800,000 years. 

This estimate is based on the assumption that the area affected 
by the circulation was always as large as it now is. As a matter of 
fact, however, the area was at first small, and has gradually grown 
to its present size. The average radial distance the water has flowed 
during the period of its circulation is therefore but one-half the aver- 
age distance it would have flowed had the area been constantly of 
the present size. For this reason it will be necessary to double the 
estimate reached above, and this will give us the minimum period for 
the transportation of the ores. As 1,600,000 years is but a short period 
compared with the lapse of time since the posWI^arbonif erous elevation 
which gave the Ozark uplift the outline of its modem structure and 
established the artesian circulation and began the segregation of the 
ores, it would seem that this test shows that there has been ample 
time for the segregation of the ores in the manner postulated by 
the artesian-circulation theory. 

BLLUnON OF CONNATE WATBB. 

Let us now consider the effects of the dilution of the alkali metals 
and the chlorine of the connate water, or original sea water inclosed 
in the sediments when they were laid down. If the original pore 
water had the composition of sea water, then by the time an equal 
quantity of fresh water had entered the artesian circulation the min- 
eral content of the original pore water would have been diluted to a 
certain extent, say one-half. 

The problem is rather complicated and, for the sake of illustration, 
we may take first the case of simple dilution. If we add an equiva- 
lent volume of fresh water to the sea water and pour off half, w© 
have diluted the saline constituents of the remaining portion to one- 
half. If we again add an equivalent volume of fresh water and pour 
off half we have diluted the original saline constituents to one-fourth; 
in other words, the dilution increases in geometric ratio. With 13 
dilutions, that is, 13 changes of water, the number which we have 
seen would be necessary to segregate the ores of the uplift, we shall 

n ol gnwnd wat«(8: U. 8. QeoL Surr^ Kin*- 
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have diluted the original salines to nVr of their original etrength. 
But the effect of adding ground water to a saturated formation in its 
receiving area as fast as that formation gives up ground water in 
its discharging area is more complicated. If into one end of a U 
tube filled with a quantity of saline solution an equivalent quantity 
of wat«r is poured, saline solution of practically full strength will be 
dischai^ed at the other end and the remaining solution in the tube 
will be diluted much more than one-half. The larger the cross section 
of the tube iu proportion to the volume added and the less the ve- 
locity of flow, the more chance for mixing the solution and for diffusion 
and Hierefore the lees the resulting dilution, which, however, can not 
be lees than one-half. In small twisting passages, such as pore spaces, 
the flow is extremely alow, there is great opportunity for diffusioo, 
and,moreoTer, the salts in solution are adsorbed by the walls of thepaa- 
sages; so that in fact the dilution of the saline elements in the re- 
newal of ground water may approach the minimum (one-half) indi- 
cted above. This possibility is further strengthened by the follow- 
ing conaideration. The water that replaces the connate water wiU 
not be pure but, as it was originally meteoric and had flowed through 
dotomitic limestones, it will carry a relatively high content of the 
alkaline earths and sulphates and a low content of alkali metals and 
chlorine. Connate sea water diluted by such a water wiU therefore 
not be depleted of its alkali metals and chlorine to the same degree 
as if it were diluted by pure water and it will gain in its content 
of alkaline earths and sulphates. The principal constituents of sea 
water, according to Dittmar, * are giveu in the first column of the fol- 
lowing table; the eecoud colunm shows the saline constituents of sea 
water divided by 8192, representing the dilution by 13 changes of 
water; the third column gives for comparison the average saline con- 
stitution of 13 deep-well waters in the vicinity of Joplin, Mo., all the 
well waters for which good analyses are available. 
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Assuming that the figures in colunm 3 represent the salinity of a sea 
water which has been diluted 13 times, we find, by comparing these 
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with the fignres in column 2, that while each of the metallic baaes and 
acids is present in greater quantity than the simple dilution would 
call for, the excesses are just what would be expected when the charac- 
ter of the diluting solution is taken into account. The greatest ex- 
cess is naturally to be expected in the alkaline eui;ha and the next 
lai^est in sulphate, for reasons already given. Since the diluting 
solution, as already remarked, was necessarily not altogether free 
from the alkali metals or chloride, it follows that excesses in those 
substances also are possible. Nevertheless, when it is borne in mind 
that the constituents of the sea water have been divided by 8192, it 
seems to the writer that if the average alkali content of the deep-well 
waters of the Joplin region is only 9 times the hypothetical alkali 
content and the averse chlorine content is only 3 times the hypo- 
thetical chlorine content, these facts indicate strongly that the actual 
dilution of the connate saline pore water was of the order here 
indicated. 

There are several possibilities to be considered in this connection. 
The connate water may have represented a sea of di£ferent salinity 
from the present ocean. The Cambrian and Ordovician strata may 
have contained saliferous deposits which furnished salt to the artesian 
circulating water and thus helped to conserve its salinity. Lastly, no 
account has been taken of the dilution that came about during late 
Mississippian and early Pennsylvanian time, when the Mississippian 
limestone land was exposed to erosion and carved into a karst topog- 
raphy over much of the uplift. As has been ah-eady pointed out under 
the heading "Stratigraphy" (p. 26), the Mississippian rocks prpbably 
completely covered the Ozark dome at that time and hence may have 
effectually protected the underlying Cambrian and Ordovician rocks 
from the ingress of surface waters. 

With these things in mind, it seems to the writer that the calcu- 
lated number of changes of ground water necessary to transport the 
zinc agrees so closely with the apparent dilution of the connate sea 
water that it constitutes presumptive evidence of the identity of the 
processes and is a fair quantitative test of the artesian theory. 

ENHICHMENT. 

KXTEMT OF BNHICHUENT 117 TSCB JOPUN DISmiCT. 

Much difference of opinion has existed as to the extent of enrich- 
ment, more particularly of downward sulphide enrichment, la the 
Joplin region. Jenney recognized secondary deposits of blende, 
galena, chalcopyrite, greenockite, marcasite, and pyrite produced 
by alteration of the primary sulphides in the zone of oxidation and 
reduced to sulphides by oi^amc matter lower down, but he evi- 
dently regarded them as of minor importance. Winslow derived 
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the deposits from the overlying and adjacent rocks by lateral secre- 
tion and downward flow, but recognized no addition of sulphides 
derived from the oxidation of the upper parts of the ore bodies them- 
selves. Bain, on account of the vertical arrangement of the ores, 
thought that the greater number of the ore bodies were formed by 
downward sulphide enrichment, though he admitted that deposits 
formed by ascending solutions might show the some vertical arrange- 
ment. Buckley uid Buehler, for the same reason, held that the 
sulphide ore bodies were formed by downward-moving solutions 
and that there has been little, if any, emichment of the sulphides. 
Haworth concluded that oft-repeated enrichment from surface erosion 
of the ore bodies has been the main agency in the accumulation of 
the ore bodies. W. S. T. Smith minimized the importance of down- 
ward sulphide enrichment and concluded that the vertical order ob- 
served was due to ascending solutions. All ^ree upon the difficulty 
of distinguishing the secondary sulphides from the primary sulphides. 
There are no pseudomorphs of galena after sphalerite or of galeoa 
and sphalerite after marcasite or pyrite. The only evidence that 
there has been replacement of any sulphide by another sulphide is 
seen in the films of greeuockite, galena, and covellite to be described 
later. Most of the writers mentioned above have contended that 
the ore metals were carried mainly as the sulphate and were pre- 
cipitated as the sulphide by oi^auic matter or hydrogen sulphide. 
If both ascending and descending solutions were of the same character, 
met the same precipitants, and deposited the sulphides in the same 
cavities without replacement, there is apparently no way to dis- 
tinguish the later from the earlier generations of the sulphides. It 
has been suggested that the occasional small ruby-red crystals of 
sphalerite are secondary, but of this there is no good proof. The 
color is due partly to the size of the crystal, for in the same hand 
specimen the thinner translucent edges of the larger crystals of sphal- 
erite of regular appearance may be just as ruby-red as the smaller 
crystals. 

The crusts of sulphide ores deposited on old spikes, rails, and bite 
of iron in abandoned and submerged mine drifts, as illustrated by 
Bain,' may at first thought seem to have been formed by secondary 
sulphide deposition from descending solutions, but they are not 
certainly so, for when an old drift in the Joplin region fills with water 
and the underground water table is raised some distance above the 
drift, one can not say what portion of the water in the drift is derived 
from the artesian circulating water. Moreover, the fact that l^ese 
deposits are formed on iron has no significance, except to show that 
the sulphides are recent. Any ore metal reduced from solution 
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through the influence of metallic iron would be precipitated in the 
metallic state, as is shown by the "lead tree" precipitate described 
on another page. Most of the crystals of galena and sphalerite on 
the spikes are separated from the metallic iron by a layer of iron 
oxide. In some of the objects so incruated it is difficult to determine 
whether the ore minerals are not accidental abrogates cemented 
by iron oxide, but in the two examples illustrated by Bain (the 
originals of which are at hand) there can be no doubt that the ore 
minerals crystallized in place, as the crystals are small and of per- 
fect form, not cleavage fragments, such as would occur in any acci- 
dental aggregate. The sulphides were not deposited in acid sulphate 
waters, however, for on one of the specimens there are several small 
scalenohedral crystals of calcite, which evidently crystallized in place. 
Moreover, the cement of the aggregated crystals in both specimens 
is largely calcium carbonate and efifervesces freely with dilute acid. 

REBIDUAL EHBICHUBNT. 

Enrichment through residual concentration has doubtless occurred 
at many places. Such concentration has generally involved galena, 
which is not so soluble as sphalerite, but at some places cerusite, 
Bmithsonite, and calamine also have been concentrated through the 
solution and removal of limestone gangue, leaving the ore mineraJa 
embedded in yelltAv clay and chert bowlders. Most of tho very 
rich shallow deposits that were worked in the early days of mining in 
the district were doubtless formed by such residual concentration, 

OXIDE ENRICHICENT. 

Bain used the term "oxide enrichment" to include that addition to 
the ore bodies which results from the precipitation as carbonates or 
silicates of the metals taken into solution in the upper oxidizing zone. 
Such precipitation would usually be a result of reaction with the wall 
rock or with substances held in solution in the ground water. Alter- 
ation of the ore minerals in place would not, of course, result in enrich- 
ment. The formation of smithsonite by replacement of limestone and 
of calamine by replacement of jasperoid has been fully described by 
Smith. ^ However, both calamine and smithsonite at times have been 
deposited directly from solution without reaction with any solid sub- 
stance, as is shown by the globular crystal aggregates of those min- 
erals, which at places surmount the sulphide minerals. No doubt 
both oxide enrichment and residual enrichment have contributed to 
the formation of the rich shallow "silicate" deposits. 

' Smilti, W. S. T., and Stebcntbal, C. E,, V. 8. Oral. Burvey Geo]. Atlas, Japllu district Iblla (No. US), 
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STTLFOmE EHBICHHSNT. 

FBOCESSB8 INVOLVED. 

Downward Bulphide enrichm^it includes the rranovftl in solution of 
ore minerals from the upper port of an ore hody and their precipita- 
tion as sulphides in the lower part of the same ore hody. The process 
of sulphide enrichment has heen very fully discussed hy Emmons.i 
Thought of as taking place in a single ore body within definite walls, 
the concept is simple; thought of as taking place in the complex ore 
bodies of the open, broken, confused ground of the Joplin re^on, how- 
ever, the concept becomes complicated. The present ore bodies of 
the Joplin r^on undoubtedly incorporate some metals which, in their 
journey down the dome, have taken part in the composition and 
decqmposition of ore bodies many times. Owing to the direction of 
the undeiground circulation of the dome, thoee constituents of an ore 
body that are taken into solution in the zone of oxidation will be 
carried downward and very likely also to some extent laterally, bo 
that they may be added to another part of the same ore body, or to 
some other ore body, or they may be disseminated through rocks at 
a distance from any ore body. It therefore follows that only a por- 
tion, possibly a small portion, of the metals taken into solution from 
any ore body will be redeposited in that same ore body. This is true 
of oxide enrichment, but seems especially true of downward sulphide 
enrichment, because the dissolved metal must almost invariably 
descend into the deeper circulation to reach an available precipitant. 
Movement downward to this extent wiU Ukely be accompanied by 
considerable lateral movement, carrying the metals farther away from 
the immediate ore body from which they were derived. For these 
reasons it is believed that downward sulphide enrichment has been 
of very minor importance in the Joplin re^on. 

There are several forms of sulphide deposits in the Joplin r^on 
which with fair safety can be said to be sulphide enrichments; among 
theee are greenockite films, galena films, coveUite films, wiu*tzite crys- 
tals, and stalactitic blende. 

GBEENOCKITE ITI-MS. 

The blende from the Joplin district carries a small percentage of 
cadmium, as the writer ° has elsewhere noted. Nine composite analy- 
ses of about 45,000 samples, mostly carload lots shipped between 1900 
and 1913, show the averse cadmium content of Joplin blende to be 
a little more than 0,3 per cent, equal to y^ of the zinc content. 
Of cotuBe this cadmium may not all be iaomorphously mixed with the 
blende, but may in part represent the secondary greenockite described 
below as due to downward sulphide enrichment. 
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Jenney • noted that greenockite is a secondary mineral in the deeper 
levels, derived hy alteration of cadmiferous hlende in the zone of oxi- 
dation and precipitated below by the reducing action of organic mat- 
ter. Smith,' following Waring, also cited the occurrence of powdery 
filma of greenockite upon sphalerite or other minerals as an example 
of downward sulphide enrichment. Smith says: 

Greenockite is not uncommon near the lower limit of the zone of weathering, where 
it occurs ae & product of secoudaiy enrichment. It is most abundant on the surface 
of sphalerite crystals or on fracture surfaces within them, but is also found on galena, 
calcite, chert,.and calamine. Aa a coating it forme very thin dull films, easily rubbed 
oft with the fingOTand with a color ranging from graflB-green through yellowish green 
to citron-yellow. 

Some of the coatings, however, adhere firmly, and when they are 
removed leave the surface of the blende much tarnished, possibly 
etched, indicating replacement of the blende. Apparently the cad- 
mium sulphide is formed sometimes by replacement and at other 
times by precipitation through reducing agents aJready in solution, 
as, for instance, when deposited as easily removable powders, or when 
deposited on calcite and other minerals not sulphides. Rogers' 
points oiit that some of the yellow filma contain no cadmium and that 
the yellow coating on some calcite crystals is zinc sulphide instead of 
greenockite, concluding that "it is not sufficient to call every yellow 
coating greenockite." 

However, greenockite does occur, and most of it must be secondary, 
since where it occurs there has always been oxidation and solution of 
the upper part of the deposit; but in the Miami district, where the 
surface formation, Cherokee shale, has prevented the oxidation of the 
upper part of the ore bodies, there is no greenockite. 

Even if zinc to the amount of 186 times the cadmium In the green- 
ockite films had been carried down and secondarily deposited, the 
total quantity would be of minor economic importance. 

GALENA FILMS. 

According to W. S. T. Smith, galena is occasionally found in dull, 
very dark gray or blackish films on the surface of sphalerite, or in 
lustrous films, with the characteristic color of galena, coating cleavage 
surfaces of sphalerite and penetrating some distance into its interior. 
These fibns tested chemically give good reactions for lead sulphide. 
They are always found close to the lower margin of the zone of oxida^ 
tion, having been formed in the process of sulphide enrichment. 

1 JenaeY, W. P., The lead and iliu deposits of the Ulsslsaippl Valley: Am. Inst. Ml" , Eng. Tnns., 
vol. 22, p. 199, 1804. 

> Smith, W. 3. T., and Stebentlial, C. £., U. B. Geot. Snrny Oeol. At]^, JopUn district lolla (No. 14S), 
p. 19, 1907. 

' Ht^eis, A. F., Minerals ot the GalenaJopUn dfetilct; Kraisas Univ. Oeol. Surrey, -rot. 8, pp. «l>- 
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OOTELLTTE FILHS. 

Rogers > describee similar films of covellite as follows: 
Sphalerite fromtbeBigCooii mine on Weot Seventh Sueetia Galena is often coated 
wilh a bluish-black aubetAnce irtiich penetrstee the cleavage surbcee for a consider- 
able distance, or, perhaps, w often, is entiiety replaced by it in the form of a soft 
material of aubmetallic luster of the wine color. This mineral has been identified as 
covellite. We therefore have coveUite peeudomorphous after sphalerite. It seems 
probsible that a metathetic reaction has taken place between Ibe zinc aulphide and 
copper sulphate, thus: ZnS-|-CuS0,™CuS4-ZnS0,. Such a reaction does take place 
when ephtjerite is heated in a closed tube containing a solution of copper Bulphat« to 
a temperature of 200° C., aa experiments by tbe author show. Given siifficient time 
and favorable conditions, may not thb reaction have taken place without tbe high 
temperature? Associated with the covellite and exterior to it ia malachite, which 
la probably a further product of the decomposition of the covellite. 

Galena from Cooper Hollow, Galena, ia often partially replaced by cerusite, the 
unaltered galena remaining aa a corroded fragment In the cavity. In Qiese cavities 
covellite is found as an earthy, bluish-black material. Perhaps here the reaction 
Pb8+Cu80,-CuS-|-PbSO, has taken place. 

An average of two analyses of the pseudomorphs from the Big Coon mine by Mr. 
Edgar B. Hayes gave the results in column 1. (Mculating the Fe as FeS, Zn as ZnS, 
repreeenUitg the unchanged sphalerite, and deducting thia and the SiO, and recalcu- 
lating to 100 per cent, we have the figures in column 2, while the theoretical [com- 
poaition] for covellite is given in column 3. 

CompotiAm. of an<eUiU. 
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WUBTZITB 0BT8TAL8 AND STALAOTITIO SPHALBBITB. 

Wurtzite is known from one locality in the Joplin region. Rogers,* 
who waa the first to describe wurtzite from the district, gives the 
locfdity as an abandoned mine at the north end of the Missouri pead 
& Zinc Co.'s land east of Joplin. The mineral ia described as oceui^ 
ring as small hemimorphic hexagonal pyramids, with dull luster, 
a7er^;ing about 2 millimeters in length and 1 millimeter in thickness. 
These crystals are generally attached at the apex, the other end being 
terminated by a basal plane. The wurtzite crystals are either im- 
planted on the sphalerite or occur in openings or cavities in it. The 
massive zinc sulphide upon which the wurtzite crystals are implanted 

1 Rogers, A. F., Ulnerals of the OBlena-JopUo dbtrlct: Kansas Univ. Qeol. Surrey, toL 8, pp. UO-iaO, 
1904. 

' Rogers, A. F., Annotated Ibt of mlnersb occurrtDE In the Joplin lei 
Quart, vol. », p. 103, lOW; UinBralB of the GaOeauvJoplla dbtilct: K 
pp. 461-403, 1904. 
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has a botiyoidal, manunillary, or stalactitic form, Rogers believes 
that this massive zinc sulphide is also wurtzite, because of the close 
association of the wurtzite crystals with it, because of the similarity 
of color, streak, and powder, and, lastly, because some paxticlea of the 
powder of the massive mineral seem to be doubly refracting. The 
massive zinc sulphide shows pecuhar reticulate intei^rowths of 
galena. 

Smith ^ has described such intergrowths as follows: 
Intricate skeleton intergrowtha in stalactitic form of fine-grained galena and fine- 
graiDed radial sphalerite are common at the Combination mine, east of Joplin, formii^ 
what ie called "combination ore," impossible to mill satiBfactorily. * * * Galena 
constitut«B the central port of the atalactitic fonna, branching out in skeleton growths 
intermixed with fine-grained radial sphalerite which forms the outer and main part 
of moet of the stalactites. More or leea marcaaite sometimee coats the outaide of these 
galena-aphalerite stalactites, and stalactites were also noted formed chieSy of marcasite 
with a small centml core of granular galena. 

Chamberlin * has described and illustrated similar reticulated 
galena from Wisconsin as follows : 

These reticulated forms also occur In the center of stalactitic i^gr^^lions of galena 
and blende, the reticulated cavitiee taking the place of the central cylindrical open- 
ing, common to stalactites. • • • 

There ia a form, likewise styled reticulated galena, that seems t« owe ita origin in 
part to the primal mode of its crystallization. It appears to have grown up along an 
extended octahedral axis by accretions to the adjacent faces, the result being an 
elongated priam capped by a pyramid. After this elongated crystal had attained 
certain very moderate dimensions, and apparently while it was yet growing, there 
sprang out thickly along its length a series ot lateral crystals that grew in a similar 
manner, but at right angles. These are imbedded in blende and seem to have grown 
aimultaneously with it, and to have been modified by their stnigglee with the com- 
petitive mineral, resulting in mutual encroachments, which produced, in the galenite 
crystals, succeasive contractions and enlargements of an irregular and unsymmetrical 
sort. Subsequently the interior seems to have been, in part, redissolved after the 
manner above indicated, mainly along the central axes, but also on the margins and 
in irr^;ular ways. The total result is that, being imbedded in blende and depend- 
ent on ita irregular fracture tor exposure, most spiecimens present a very complicated 
aspect, Ita theoretical interest lies mainly in the fact that it is one of the evidences 
of the strictly contemporaneous deposition of lead and zinc ores. 

The Combination mine referred to by Smith is on the land of the 
Missouri Lead & Zinc Co. aud is doubtless the mine from which came 
the specimens described by Rogers. The writer obtained some 
material of the same sort from Ward's Natural Science Establishment, 
Rochester, N, Y. The only locahty given is Joplin, but there can be 
httle doubt that this material likewise came from the Combination 



mlth, W, S. T,, and Slebenthfll, C. E., U. B. Oeol. Survey QeoL Atlas, Joplin district Kilio (No. 148), 

;, 1907. 

hambwiln, T. C, Tbe ore deposits of southwceteni Wlsconstn: Oeolog? of WiwxHulii, T0L4, pp. 385- 
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This material has stalactitic, botiyoidal, and masaive forma of 
sphalerite, each of which shows the skeletal mtei^;rowths of galena 
aod sphalerite. The lai^est specimen of the stalactitic type appears 
to have grown pendant from a projecting (^tunp of marcasite, and on 
the massive form there is an incrustation of marcasite an inch in 
thickness. 

In the denser parts of the specimen of the massive type the sphal- 
erite is dull brown in color and the fracture has a fine^;rained appear- 
ance. With a hand lens the intei^rowtbs of gaJena can be seen, 
either in reticulated areas or single wavy fibers. In thin section, the 
galena fibers are occasionally branching, and in some places thicken 
up into masses. The fibers gener^y lie roughly parallel to the 
fissures in the sphalerite, but appear to be independent of the 
fissures and show no evidence of having been introduced along them. 
There does not seem to be any wtirtzite in this part of the speci- 
men. In the more open, spongy parts of the specimen there are 
numerous small pyramidal crystals of wurtzite, such as Rogers has 
described. Thin sections show the radial intergrowth of sphalerite 
and galena and areas of well-marked wurtzite. It ia probable that 
the areas of wurtzite lie adjacent to the spongy cavities, but that can 
hardly be determined from- the section, which went to pieces in the 
preparation. 

The stalactitic specimens show stalactites from 2 to 6 or 8 milli- 
meters in diameter, usually with a capillary tube in the center. Where 
the stalactites coalesce, they give rise to a massive stalactitic type. 
The stalactitic type very often develops into the botryoidal type. 
The radial intergrowths of galena and sphalerite are common, but 
some stalactites have little or no galena. No wurtzite was seen in the 
thin section of the stalactites, but it can be seen, maeroscopically, in 
the crevices where adjoining stalactites come together. Smith, as 
noted above, says that some of the stalactites have a central core 
composed of galena. None of the typical round rodUke stalactites 
in the material at hand have a galena core, but there are two beautiful 
specimens of elongated forms of galena which are ahnost completely 
covered with a botryoidal incrustation of the radial sphalerite, which 
in tiim is surmounted by perfect wurtzite pyramids as described by 
Rogers. Each specimen is hkewise partly covered with marcasite, 
which is later than the sphalerite and apparently of the same age as 
the wurtzite, since wurtzite is found upon marcasite and marcasite 
upon wurtzite. The galena center in one specimen has the shape in 
cross section of a pointed Greek cross, and seems to be composed of 
four parallel elongated and flattened octahedral forms joined along 
a side edge. From each of the free edges, forming the pomted arms 
in cross section, there grows out a row of octahedral crystals of galena, 
much after the fashion described above by ChambOTUn. In another 
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specimen the galena center is a single strip representing an elongated 
and flattened cube 70 millimeters in length, 10 or 12 millimeters in 
width, and 3 millimeters in thickness. 

Whether or act the stalactitic blende beneath wurtzite crystda is 
iteelf wurtzite, as thought by Rogers, it must nevertheless have been 
deposited from descending solutions and in an empty cavity, since 
under no other conditions can a stalactite be formed. Chamberlin > 
and Nason ' both cite stalactites of pyrite, marcasite, galena, and 
sphalerite as proof of descending solutions and as deposited in cavi- 
ties. If deposited by descending solutions the material of the stalac- 
tites must have been derived from the oxidation of the upper part of 
the ore body, and is therefore secondary and ia a product of downward 
sulphide enrichment of more importance than those already noted. 
So far as known to the writer, this b the only occurrence of the ores 
in stalactitic form in the district. The peculiar intergrowth of galena 
and blende is, with the exception noted below, likewise peculiar to the 
Combination mine, as is also the occurrence of wurtzite crystals. As 
the wurtzite is younger than the secondary blende it is also probably 
secondary. In fact, Noelting' reached the conclusion, after extensive 
study of the occurrence of wurtzite from many locahties, that it is 
invariably secondary. As was noted on page 246, the wurtzite in the 
Gagnon mine at Butte, Mont., in the Horn Silver mine, near Frisco, 
Utah, and at Tonopah, Nev., is beheved to be secondary, deposited 
from descending acid sulphate solutions. The wurtzite in the Era dis- 
trict, Idaho, was deposited simultaneously with calcite, probably from 
solutions practically neutral, and is apparently of primary origin. 
This material and that from Joplin is all the wurtzite from America 
that has been thus far described. As already noted, the wurtzite at 
Jophn seems to be contemporaneous with the marcasite, with which 
it is intimately associated. This contemporaneity was to be expected, 
according to the results of the experiments made by Allen and asso- 
ciates, who, as outlined on page 243, obtained both marcasite and 
wurtzite from solutions acidified with strong acids. It would seem, 
then, that for some reason there was at this place a precipitation of 
zinc sulphide as wurtzite and of iron disulphide as marcasite from a 
descending solution containing free sulphuric acid. Elsewhere in the 
district, apparently, such descending solutions were for some reason 
unable to deposit wurtzite. In the experiments noted Allen was 
unable to produce wurtzite below 250'* C. (480° F.). It is true that 
the oxidation of pyrite has been known to raise the temperature in 
mine drifts as high as 120° F., but it can hardly be supposed that the 

1 Cbambolbi, T. C, Tti« on deposits at soatbwasMm Wisconsin: Geokgy ol Wiaconaln, tqI. 4, pp. 
xo-eao.issa. 

' Nmod, F. L., Am. Inst. Mln. Eng. Trans., voL 22, p. 642. IBM. 

• Xoelting, Johannes, VeHxr daa Vcrhiltnis dcr aogniwuiloi SchalcnblaDda nir ngolfina Blend* nnd 
mm heiagonalm Wuitiit, losug. Diss., p. 29, Kiel, 1SS7. 
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descending Bolutiona in the combination ore body were at higher 
temperatures than those in adjacent ore bodies, or at anything like 
the high temperature indicated for the artificial formation of wurtzite. 

The explanation of this deposit probably lies in the nature of the 
nramal ground water of the district, which is naturally a potable 
water, dominated by carbonates of the alkaline earths, for Haworth 
says ' that ' ' the well and spring waters before the mines were opened 
were first class, probably not surpassed in pleasantness of taste by 
any in the United States." The undra^round water table before 
mining b^ao lay near the surface, and the country rock was largely 
limeetone. Descending acid solutions, generated by the oxidizing 
sulphides, were probably almost always neutralized at once before the 
zinc in solution came into contact with a reducing ^;ent. 

W. Geoi^ Waring has caJled the attention of the writer to a white 
deposit on coal and carbonaceous shale in the Old Shaft at the 
Oronogo Circle mine, at Oront^, Mo., which seems to be the product 
of a reaction of the sort described. An analysis of the material shows 
ihe following constituents: 

Analytii of vihite depoiit on coal and earboruuxtmt shale, Oronogo, Mo. 
IW. George Wwliic, Hwlret.l 

ZnCO, 84.08 

ZnSO, 12.74 

H^(bydiaereDce) 3.18 

loaoo 
This deposit was apparently made by a solution containing zinc 
sulphate derived from the decomposition of zinc blende, the sulphate 
baring been mostly changed to the carbonate, probably by reaction 
with calcium bicarbonate in the ground water. It will be noted that 
the deposit has been formed on carbonaceous material in an advan- 
tageous position for the reduction of zinc compounds, if carbonaceous 
matter in the form of coal can accomplish such reduction. 

Water dripping from the roof of the sheet ground near the Wallace 
shaft of the Boston Get There tract, at Prosperity, Mo., forms,on the 
floor of the drift, a deposit which consists of zinc carbonate with 
traces of iron and a litlle lime. QuahtaUve analysis of the water, 
made in the chemical laboratory of the United States Geolt^cal Sur- 
vey, shows that it contains calcium, sulphate, and carbonate in quan- 
tity ; silica, 20 milligrams per hter, and zinc possibly 20 milligrams per 
liter, with a trace of lead. Probably here also a solution which, hke 
the one noted above, originally containing zinc sulphate derived from 
the oxidation of sphalerite, has reacted with a calcium bicarbonate 
water. 

iHamirth, Bissnuu, A oonMbatbn to the ggak)gyo[ Uulsttdaaditaio mtakig dtoBlot ol Cauraket 
OuuiUy, Kane., p. 31, ISM. 
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Reactions such as these would undoubtedly be general m the zone 
of oxidation and in the upper portion of the ground water and would 
account for the lack of sulphide enrichment. 

Pogepn^ • points out that sulphides are not formed in nature in the 
presence of mt and therefore can not have been formed in the super- 
ficial zone or zone of oxidation, but must have been formed in depth. 
It is well known, of course, that sulphide and oxygen are chemically 
incompatible. Moat secondary sulphides are deposited below water 
level. Although tie upper part of the ground water may contain con- 
siderable available oxygen in the shape of dissolved air, or as free 
acids, Emmons ' has shown that the quantity of free sulphuric acid, 
which is the significant acid in sulphide enrichment, rapidly decrease 
from the surface of the water downward, owing to the presence of 
neutralizing compounds in solution, in the gangue, or in the wall rock. 
Spencer * has shown that at Ely, Nev., the quantity of oxygen which 
rain water can hold in solution is not sufficient to have accomplished 
the oxidation wiiich preceded the removal of the sulphides from the 
oxidized capping; hence he concludes that a large part of the oxygen 
came from the air that circulated in the capping. It is therefore con- 
ceivable that the descending ciurenta of water and air may be ao 
depleted of oxygen in the lower part of the superficial zone above the 
water level that precipitation of the sulphides can occur. Some such 
supposition as this is apparently necessary to account for the forma- 
tion of the galena, sphalerite, and marcasite stalactites which have 
been reported from the upper Mississippi Valley region as well as 
from the Joplin region. Such a condition, however, seems to have 
been of very local occurrence in the Joplin r^on, and the sum total 
of enriciunent by such sulphide deposition is inconsiderable. 

Mr. R. S. Fitch called my attention to a pocket of ore on the 230- 
foot level in the Oronogo Circle mine, in which the sphalerite is of two 
generations. The first generation is of the ordinary variety with the 
usual cleavage and crystalline forms. This generation is bordered by 
crystals of chalcopyrite and beyond the chalcopyrite is an incrustation, 
a quarter of an inch thick, of dark blende, which has a wavy, some- 
what radial cleavage. The incrustation, by filhng in and around the 
crystals of the earlier generation, gives the whole a botryoidal shape. 
In thin section the incnisting portion is seen to be composed of an 
intimate undergrowth of galena and sphalerite of the same general 
character as that in the stalactitic ore from the Combination mine. 
In some places the intergrowth takes the form of parallel laths of 
galena and sphalerite; at other places there are smaller patches in 
which the lines of intergrowth run nearly at right angles to the hnes 

ip(itepnf,Fmu,U«berdts£iit3t*huiigdBrB)el-an<lZlnUacwMBtWolnaaaOeUcbanOfl9Uiiim; Boi- 
DQd HfltUnmOaiilMtia Jatub., vol. 43, pp. 139-130, ISM. 

• EDimoas.W. H.gTbs enridmieDtot sulphide ora; U. B. 0«a1. SumT Bun. sa, pp. Sd, 90, 1013. , 

• Spencer, A. C, ChnlCniltB enrichnwnt: Eoon. OeolosT. toL a, pp. 63tM32, 1913. i OOQ I C 
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in adjoining patches, giving a lattice-like effect somewhat like micro- 
cline twinning. Rarely a fiber of the sphiilerite will appear to be 
doubly refracting, but this fact can hardly be taken to establish the 
presence of wurtzite ; f or, as Noelting ' pointsout,sphalentesometimes 
displays optical anomalies, though usually in thicker plates. As noted 
above, the specimen came from the 230-foot level. The lower limit 
of the oxidized zone in this mine lies at a depth of 75 or 80 feet. 
Between the oxidized zone and the 230-foot level ordinary sphalerite 
is found. It doea not seem possible that the intetgrowth of galena 
and blende here described, though resembling the secondary inter- 
growths from the Combination mine and though surmounting chal- 
copyrite and demonstrated to be a late generation, can be secondary; 
that is, derived from the zone of oxidation and deposited by descend- 
ing waters, for the intervening 150 feet shows no evidences of second- 
ary deposits. It is therefore concluded that this intoi^;rown ore is 
primary but of a late generation. 

coNCi-naiOK. 

The writer is in complete accord with the following statements of 
Smith:' 

A^de from the email and unimportant amounts of Bulphides unmistakably due to 
eecond concentnttion which have just been described, the rec<^nition of aulphidea 
deposited by deecending waters is generally a difficult matter, both because they 
have been formed in the same way as the ores of firat concentfation^-m the eame place 
and by the same reducing agents— and because they occur merely as accretioiiB to 
the older deposits. The difficulty is incieased by the fact that, as pointed out by Van 
Hise and Bain, the ores of first concentration have continued to foim ever since their 
deposition began and are probably etill forming, so that additions to the deposits are 
being made by both ascending and descending waters. For this reason little can be 
determined by paragenesia, since difierent generations of orea might be equally well 
referred to either the ascending or the descending solutions. Furthermore, the later 
deposits are probably in many cases, if not usually, formed from a mingling of the two 
systems of waters, and where this is true, discrimination of the results is, of course, 
impossible. • • • 

In all instances not«d by the wril«r where sulphide enrichment had apparently 
taken place, the amount of this enrichment, so far as it could be determined, was 
email as compared with the volume of the ores of first concentration, and generally 
of small economic importance. This is believed to be generally true for the dietrict 
as a whole, although there may be a few ore bodies in which the ores of second con- 
centration form an important part of the deposit near the lower limit of oxidation. 

It can not be questioned that ore bodies within the zone of oxida^ 
tion in the Jophn district are subject to oxidation and solution and 
are removed by those processes, a portion of the metals in solution- 
being reprecipitated as sulphides. The present writer concludes that 

> Nodttng, lobamus, Uebw dw VerbUtolas dsr sogouimUD Schalcoblaide cut reeoUran Blende und 
nm twiegoimlai Wnriiit, Insog.-Dln., p. 7, Kiel, I88T. 

■ Smitb, W. 8. T., mid aiebeDthol, C. E., O. S. Qeol Barvty Geol. Atlas, loplta district, kUo (Mo. 14g), 
p. 10. IBOT. 
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very little of the ore redeposited as sulphides can be recognized as 
having been transferred from the upper to the lower part of the same 
ore body, and that most of the material removed from an ore body 
during oxidation and redeposited as sulphides is transported and is 
added to other ore bodies, where ij can not be distinguished from the 
minerals of primary deposition; and, accordingly, that recognizable 
downward sulphide ^uichment in the Joplin district is negligible in 
quantity, 

IMPOVERISHMEINT. 

That portion of an ore body in the zone of oxidation above water 
level is subject to decomposition and solution. In vein deposits, 
owing to the tendency of the vein walls to confine the flow, the 
material removed is most likely to be carried direcUy downward 
and, under suitable conditions, to be added to the lower part of the 
same ore body, resulting in enrichment. In other forms of deposits, 
however, the material may be transported laterally to a distance, in 
which event the original ore body is said to have suffered impoverish- 
ment. In the Joplin district the shallower "bunchy" or "broken 
ground" deposits, owing to the open character of the rocks, were 
peculiarly subject to this form of impoverishment during the 
weathering of the ore bodies. 

Not only from the action of such descending waters did the ore 
bodies suffer impoverishment, but there are indications that ascend- 
ing waters likewise caused impoverishment. In the sheet^ound 
deposits, which lie below the water table, galena and sphalerite are 
at many places etched, the sphalerite having a pitted to feathery 
surface and the galena having the octahedral faces truncating the 
cube deeply etched or corroded. The etching leaves the minerals 
bright and fresh looking and seems not to be due to oxidation. Speci- 
mens of galena from the Oronogo Mutual mine at Oronogo, Mo., 
which show this etching particularly well, came from the sheet ground 
at a depth of 170 feet below the level of Center Creek and 5 feet below 
any previous working. The galena had therefore always been below 
the permanent water level and below the water level established by 
pumping in that section. The specimens were fm-nished by W. Geoi^ 
Waring, who states that the mine water is slightly alkaline. 

In the mines at Miami, in both the shallow levels and the deep 
levels, some of the galena and sphalerite is etched and corroded. 
No oxidation whatever has taken place in these deposits, which have 
been protected from surface waters by a covering of Pennsylvanian 
shale and in which the water level stood at the surface until mining 
began. It seems certain that the etching of these minerals was due 
to the waters of the ascending artesian circulation, because there is 
good evidence (see pp. 203-205, 225-228) that the present mine 
waters are a part of the artesian circulation, and there is nothing to 
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indicate that the ore bodies have ever been in the zone of oxidation 
since their s^regation. 

It is impossible to say absolately that none of the removed mate- 
rial has been redeposited within the ore body, resulting in enrichment, 
but from the fact that the etching occurs in both the shallow and 
deep levels it is believed that there was little if any redeposition and 
that on the whole the action was that of impoverishment. 

PRACTICAL B&ARINO OP THEORIES OF ORIGIN ON 
EXPIX>ITATION OF THE DEPOSITS. 

nCFOBTANOB OF THE STrBJEfTT. 

The question of the genesis of the Joplin zinc and lead deposits is 
not merely of academic interest. On the contrary, it has a most 
practical bearing on prospecting and development work in the region 
and particulariy on the broad selection of areas for prospecting. 
Practical apphcation of deductions from the theories of descending 
solutions, laterally moving solutions, and ascending solutions will here 
be made to the actual or probable occurrence or nonoccurrence of 
ores in certaui areas and under certain conditions. This will involve 
some repetition and restatement of facts scattered through the fore- 
going p^es. It will be pointed out wherein it seems to the writer 
that some of the theories fail to exjdain certain conditions and how 
action on fair deductions from certain theories might lead to material 
losses in prospecting. 

Ascending meteoric solutions heated by the intrusion of igneous 
bodies into sedimentary rocks must necessarily have derived the 
metals from the sedimentary rocks and have transported them by the 
artesian circulation. The effect of the heat would be to render the 
water more active. As it has already been shown that the artesian 
waters at normal temperatures are fuUy capable of taking the dis- 
seminated sulphides into solution, it is perhaps not necessary, in the 
absence of known intrusions in the mining region, to consider further 
the possibility of the influence of such intrusives on the artesian circu- 
lation. For identical reasons it ia also probably not necessary to 
consider the alternative su^estion that magmatic waters dissolved 
metals from the sedimentary rocks and segregated them where they 
are now found. 



Smith ' suggested the possibility of a belt of zinc and lead deposits 
in the area of Pennsylvanian rocks west of the known ore-bearing 
areas. This suggestion has been justified by the discovery of exten- 

1 Smith, W. 8. T., nod eiebenthal, C. E., U. B. Oeol. Survey Cool, Atlaa, Joplin district Wio <No. 1*8), 
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sive ore bodies under the Pennsylvaman shale in the Miami district 
of Oklaiioma and by their proved extension northward into Kansas 
under thicknesses of Fennsylvanian shale ranging from 50 or 60 to 
300 feet. Under the artesiaD-circulation theory such deposits might 
naturally be expected in this position, the determining conditions 
being, first, suitable openings to receive the ores, and second, location 
not so far back beneath the shale as to be beyond the reach of the 
artesian circulation. The writer has on p^es 34 and 205^ suggested 
that the hydrostatic pressure of the outflowing artesian circulation 
forces a portion of the water forward beneath the inner mai^in of 
the Pennsylvanian shale, which results in a slow return flow toward 
the center of the uplift in the open ground just beneath the shale 
adjacent to its innOT mai^in. This dow return flow in the open 
breccia ground favors the escape of carbon dioxide, and consequently 
the precipitation of the metals as sulphide by the hydrogen sulphide, 
and the writer believes that this part of the artesian circulation has 
been especially effective in the formation of the ores. It is plain that 
neither descending solutions nor laterally moving solutions could 
accomplish the s^r^ation of ores in this position. Under these 
theories it would be considered useless to search for ore in such loca- 
tions; whereas under the theory of ascending solutions this would be 
a prospective Tnining territory. 

OCCUSRENCB OP OBE ABOVE THE OKATTANOOOA SHALE. 

No workable ore bodies have been foimd in the area extending 
from the vicinity of Granby, Mo., southeast to FayetteviUe, Ark., 
and westward from this area to the border of the Pennsylvanian rocks 
in Oklahoma, which is known to be underlain by apparently persist- 
ent Chattanooga shale, as shown on Plate III. Under the theory of 
ascending solutions no ore was to be expected in this territory, as 
the ore-bearing artesian waters were prevented from ascending to 
the surface by the impervious shale. On the other hand, if the 
Boone furnished the metals, as postulated by the lateral secretion 
theory held by Schmidt and Winslow, or if the Pennsylvanian fur- 
nished the metals by descending solutions, as postulated by Buckley 
and Buehler, there is no apparent reason why the ores should not 
have been deposited throughout this r^on, for the Boone is the 
surface formation throughout this area, and the Pennsylvanian rocks 
formerly covered the whole region. Under the theories of descendmg 
or of laterally moving solutions this area would be prospective mining 
territory. Under the theory of ascending solutions ore would be 
looked for only in faults which permitted the ascent of solutions 
from below the shale. The Seneca fault is the only one known in 
this area, and ore deposits were found along its course from the 
northern inai^in of the Chattanooga shale to the point where the 
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thickness of the ehale was greater than the throw of the fault, and 
thus sealed it. If the ores were deposited by ascending solutions, 
therefore, it would probably be a waste of money to prospect in this 
area above the shale, except where there were evidences of faulting 
or some other reasons for believing that the shale beneath was not 
persistent. 



As pointed out in the body of this report, a systematic campaign of 
drilling was undertaken by the Granby Mining & Smelting Co, to 
develop a deep run of ore in the Granby district. The results of this 
drilling established the presence of a fairly persistent ore horizon at 
the levd of the Chattanooga shale at a depth of about 300 feet, as 
shown on Plate IX. Buckley and Buehler pointed out in their 
report on the Granby area, which antedated the drilling, that if the 
ores have been deposited by ascending solutions they should occur 
plentifully at the horizon of the Chattanooga shale, where the solu- 
tions first came in contact with reducing material. The results of 
the drilling fully justify their reasoning. It remains to coi^der 
whether solutions moving directly downward from the surface could 
have formed these deposits. To whatever theory of ore deposition 
we may adhere, the fact of an artesian circulation in the Ozark 
uplift can not be denied. As shown on pages 33 to 37, the currents 
in the territory adjoining the retreating edge of the Pennsylvanian 
shale were ascending, especially at the places where the shale was 
first penetrated by erosion. The ore-bearing solutions can hardly 
be supposed to have diffused downward to the depth of the Chatta- 
nooga shale against these ascending currents. Directly descending 
solutions could hardly have reached such depths to deposit these 
ores unless the general underground water table had been lowered 
newly to this level by the retreat, down the slope, of the inner edge 
of the Pennsylvanian. But experience in the Joplin region has 
shown that the water table in aU new camps stood nearly at the 
surface of the ground or at least not lower than the surface drainage, 
and everything indicates that it stood so during the period of ore 
deposition. 

OOCITBBENCE OF OBE IN KOmEKHOOE BOCKS. 

In certain districts of the Joplin r^on the drill shows indications 
of ore rather widely distributed in the Kinderhook rocks in the 
lower part of the Boone formation. It has been recently proposed 
to prospect these rocks beneath a small structural basin shown on 
the structural map in the Joplin district geologic foUo, on the suppo- 
sition that descending waters would tend to be confined by the 
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inclined limbs of the syndine and would deposit ores in the Kinder- 
hook rocks in the lower part of the basin. For the reason already 
stated, it is not likely that descending solutions could hare pene- 
trated or diffused to such depths against the ascending currents, 
which must have existed, either to have deposited original ore bodies 
or to have enriched other deposits. On the other hand, there is no 
reason why the deposits might not have been formed in this location 
by ascending solutions if suitable openings existed and if physical 
conditions were right for their precipitation, 

OCCtJB&BHCE OF DEBP DBPOBTTS OF OBS. 

Lead and zinc ore baa been mined at Aurora, Mo., in the eastern 
part of the Joplin district, at 320 feet in depth and is now being 
mined at that depth at Miami, Okla., in the extreme western part of 
the district. Indications of ore as strong as those usually r^arded 
as justifying exploitation have frequently been found at greater 
depths liian these in drilling in the district. Under the assumption 
of ascending solutions there is a chance that workable bodiee of ore 
may be found at considerably greater depths than any heretofore 
worked. Under the theories of descending or laterally moving solu- 
tions it seems highly improbable that there are workable ore bodies 
at such depths. 

POSSIBIIJTT OF IONBOT7S OBiaiN OF THE OBES. 

In the foregoing discussion of the bearing of the theories of origin 
on practical field operations no distinction has been made between 
ascending artesian meteoric waters and ascending magmatic solu- 
tions. This report has been addressed to marshaling the evidence in 
favor of the origin of the ores from meteoric waters, and so, too, 
have almost all the reports dealing with the ores of the r^on, but 
the m^matic theory has not been without supporters. As already 
noted, an igneous origin for the ore deposits of the Ozark region was 
adopted by Jonney,^ and has been advocated by Nason,' Wheeler,' 
Spurr,* Thomas,' and Pirsson,' although of these only Jenney has 
made detailed studies of the deposits, 

Thomas suggested that the uplifting of the dome was possibly con- 
nected with the intrusion of igneous masses which may have sup- 
phed metal-bearing solutions. Firsson thinks that the ore deposits 

' Jenny, W. p., I.«ad and ilua deposits ol the Mississippi Vallp;: Am. Inst. Uln. Eng. Trans., vol. 22, 

' NnsoD, F. I.., The disseminated lead ores ol soutbeast Ulssouri; Eng. and Min. Jour., vol. 73, pp. 47S- 
«0, 19(0. 

' Wheeler, H. A., Notes on the source ol the soatheast Ulssomi lead: Eng. and UM. Jooi., vol. 77, pp. 
Kn-518, 1904. 

' Sporr, I. E., A tbeoiy of ore deposition: Min, and ScL Press, vol. 99, pp. «ea-Wa, 1908, 

> Thomas, Klrby, The Band banlcet: Uln. and Sci, Piess, vol. 108, p, 226, 1914. 
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may be related to intniaiona, not yet uncovered by erosion, possibly 
of the general type of the mid-Cretaceous peridotite dikes and Zeolite 
symite intrusives of Arkmsas or of the p^dotite and lamprophyre 
dikes of western Kentucky and southern Illinois. Besides these 
intrusions in Arkmsas, Kentucky, and Illinois there is the granite 
dike at Sparinaw, Okla., described by Drake' and the p^niatitic 
intrusion in Camden County, Mo., described by Winslow * (md others, 
as well as the basic dikes in Ste. Geneviere County, Mo., which 
Buckley * says appear to have been intruded into the lower part 
of the Bonneterre formation. No ore deposits are associated even 
remotely with any of these intrusions, except those of southern Eli- 
Dois and western Kentucky. The f^e of none of these intrusions is 
known except that of the peridotite dikes of Arkansas, which Miser * 
has shown to be mid-Cretaceous. Most of the intrusions are 
younger than ihe Carboniferous at least, and tiiere is no evidence 
that they do not all date from the middle of Cretaceous time, which 
may fairly be presumed. 

Nothing in the composition of the ores suggests iheA they were 
formed by hot waters. If formed by magmatic waters they must 
have traveled far enough from the parent igneous mass to have 
become cooled to normal ground-water temperatures. If formed by 
intrusions before the artesian circulation was initiated and while yet 
the Fennsytvanian shfde covered the dome, the magmatic waters 
must have escaped upward through fractures in the sedimentary 
rocks, in which cose we should expect the ore bodies to show some 
relation to the fractures. Though the ore bodies are closely related 
to solution channels, nothing comparable to fissure veins is to be 
noted. It seems uohkely, therefore, that the deposits can have been 
formed in this way. If formed by intrusions after the artesian cir- 
culation was established, the cooled magmatic waters probably 
mingled with the artesian waters. The location of any ore deposits 
from such mingled solutions would be determined by the artesian 
circulation, and there probably would be nothing in the form, com- 
position, or location of the or^ to distinguish those due to the mag- 
matic water from those due to the meteoric water. Pirsson alludes 
to the fact of occurrence of the ores as evidence of igneous activity 
on the grounds that ore deposits are in general of igneous origin, 
but it is to be doubted whether this is available as evidence, since 
these deposits belong to a type the ori^ of which the world over 
has been constantly in dispute between the m^matists and the 

I Drake, K. F,, A geological recDnnaissuics of tbe coal fldda ot Indian TciTttary: Am. PhUos. Sdc. Pidb,, 
TOl. M, pp. 33§-342, 1897. 
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'Buckley, E. H., Ltadand tine deposits ol the Oiark r^ion; Typaa ot ore deposits, p. 105, 1911. 

• Hisa', H. D., New areas ot diamoiid-bearlag pwidaUte In Aikaosas: V, B. Otci. Survey Bull. 640^ 
PP.G41-M5, 1»14. 
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advocates of meteoric waters, the latter having perhaps the prepon- 
derance of numbers. 

The artesian-circulatioiL theory starts with a proved ample source, 
connecte that source with the iron, the lead, and the zinc deposits of 
the uplift through processes which can be observed in operation in 
the r^on, and oSers in evidence the deposits themselvee, which in 
location, form, composition, and gangue are in complete harmony 
with the theory. 

The magmatic hypothesis can be put forward only as a possibility, 
Bs it starts with no proved source, it appeals to no process which can 
be recognized in operation in the region, and ofFers no single char- 
acteristic of the ore deposits which would be diagnostic of origin 
under the suggested process in contrast with the processes of the 
artesian circulation. 

SUMMARY. 

The theory that the Joplin ores were segregated from disseminated 
zinc and lead minerals in the Cambrian and Ordovician rocks of the 
Ozark uplift by artesian-circulating alkaJine-saline sulphureted waters 
rests upon these facts, among others: 

1. Since the Ozark dome was formed the circulation of the under- 
ground water in it has necessarily been artesian, the water flowing 
down the sides of the dome in the CMnbrian, Ordovician, and over- 
lying rocks and rising at the inner edge of the Pennsylvanian shale. 

2. This circulating water is alkaline-saline, is dominated chemic- 
ally by salts of the alkaU metals, and holds in solution hydrogen 
sulphide and carbon dioxide — facts shown by analyses of the artesian 
waters rising from the Cambrian and Ordovician rocks on the slope 
of the dome, but especially by analyses of waters of wells reaching 
that horizon in the bordering Pennsylvanian area. 

3. Waters of this character are competent to dissolve and trans- 
port the metals, as is shown by chemical experiment. Similar 
waters in other r^ons, notably in Kentucky, bring the metals to 
the surface, where, on the escape of the carbon dioxide, the dissolved 
metals are precipitated as sulphides by the hydrogen sulphide. 

4. The waters of the Ozark artesian circulation rising from the 
Cambrian and Ordovician rocks are now dissolving the metala and 
bringing them to the surface, aa is shown by analyses of such waters 
given herein and most conclusively by the presence of zinc and lead 
sulphides in the sediments deposited from such waters in reservoirs 
of waterworks and in other reservoirs. 

5. The Cambrian and Ordovician limestones, as shown by analyses 
made by Robertson, contain zinc and lead in disseminated form and 
are a sufficient source of the metals. 

6. The ratios of zinc to lead in the Cambrian and Ordovician lime- 
stones, in the reservoir sediments, and in the ores as mined are almost 
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identical, the metals of the sediments and the ores having been 
derived from the limestones according to the theory presented in this 
paper, whereas the ratios of zinc to lead in the crystalline rocks of the 
St. Francis Mountains and in the Mississippi&n rocks are decidedly 
different from the ratios in the Cambrian and Ordovician rocks as 
well as from each other. 

7. The ratios of zinc tc lead and to copper in the Cambrian and 
Ordovician rocks and the ratios of zinc to lead, copper, and iron in 
the ores and ihe sediments are in harmony with those required by 
the relative solubility of the mixed sulphides in contact, as deter- 
mined by Gottechalk and Buehler, and by the relative ages of the 
deposits. 

8. The ores of the different metals are disposed concentrically 
about the crystalline nucleus and about the center of the structural 
uplift, as demanded by Gottschalk and Buehler's results. 

9. The Mississippias limestones adjacent to the ore deposits are 
largely dolomitized, whereas similar limestones in a similar position 
(except as to similar artesian circulation) in other districts than the 
Ozark r^on are not dolomitized. The Cambrian and Ordovician 
rocks are lai^ely dolomites and magnesian limestones, and the waters 
drawn from that horizon are rich in magnesium. 

The Mississippian limestones associated with the ore deposits are 
at some places completely silicified to chert or jasperoid, tliough at 
other places in the Mississippi Valley similar Umestones, not asso- 
ciated with ore deposits, are not so silicified. The waters from the 
Cfunbrian and Ordovician rocks contain notable quantities of silica 
in solution. 

If dolomite, jasperoid, and ore were carried up from the Cambrifm 
and Ordovician by ascending currents their general association is 
easily understood. If they were brought down from above there is 
no apparent reason why there should not be dolomite or jasperoid in 
the limestones in other parts of the Mississippi Valley that were 
once overlain by Pennsylvanian rocks. 

10. Where the unbroken continuity of the Chattanooga shale pre- 
cludes the ascent of such solutions from the Cambrian and Ordovician 
rocks below, there are no deposits of ore, dolomite, or jasperoid in the 
overlying cherty limestones. Where, on the other hand, the shale is 
absent or its continuity is broken, as by the Seneca fault, there are 
deposits of ore, jasperoid, and dolomite. These facta demonstrate 
that the ores were deposited by ascending solutions and that these 
solutions rose from the Cambrian and Ordovician rocks. 

11. Deep drilling in the Granby district has disclosed a practically 
persistent ore horizon at the level of the Chattanooga shale or imme- 
diately beneath it, which is to be expected if the ore solutions came 
from below the shale, but not if they came from above it. 
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12. The nuning areas lie in a practically continuous belt (except 
the area underlain by unbroken Chattanooga shale) around the inn^ 
mar^ of ihe Fennsylvanian roclra, an arrangement most easily 
explained by postulating deposition from ascending artesian water 
at the inner edge of the Pennsylvanian rocks. 

13. The deep-lying deposits of zinc and lead that have been struck 
in drilling in the Joplin district and elsewhere occur at depths that 
could be reached only by meteoric waters having artesian circulation. 

14. The mine waters at Miami, Okla., the only mines beneath the 
unbroken Pennsylvouian shale and hence presumably the only mine 
waters truly representing the ore-depositing solutions, are the only 
sulphureted mine waters in the district, and, in the synoptical table 
here presented (pp. 149, 150) fall alongside the water from the deep 
wells at Miami, Okla., and CSinton, Mo. The water from the Church 
mine showed, on analysis, a trace of zinc. 

15. The occurrence of ore at the base of the Pennsylvanian rocks in 
places where, as at Miami, Okla., the rocks are not cut through by 
erosion, implies deposition by ascending waters. 

16. The occurrence of bitumen associated with the ores at the base 
of the Pennsylvanian rocks is incontrovertible evidence that the 
solutions bearing the hydrocarbon that was h-actionated by the shale 
were ascending. 

17. Lead and zinc deposits of greater or lees economic importance 
are associated with all geanticlinal uplifts and some of the marginal 
slopes of the Mississippi Valley — diat is to say, they occur in r^ons 
affording artesian circulation of ground water. 

18. Lead, zinc, copper, and iron are precipitated from the deep- 
well waters of the Ozark region on standing, as a result of the escape 
of carbon dioxide. The ore deposits of the Joplin region occur 
typically in breccias. Breccias favor the adsorption of the metallic 
salts and the escape of the gases in ascending solutions, but would not 
have the same effect on descending solutions. Therefore, the occur- 
rence of the ores in breccias in the Joplin region indicates deposition 
by ascending solutions. 

19. In the Miami district, where very Httle surface water enters 
the mines, the quantity of water necessary to be pumped to keep the 
undeigroimd water table down to a particular level is remarkably 
constant, being entirely free from seasonal variations. However, as 
mining has grown deeper and more extended, the quantity of water 
to be raised has steadily increased to more than treble its original 
quantity. This water is charged with hydrogen sulphide and other- 
wise closely resembles the deep-well waters, but it differs greatly 
from surface water. It is therefore probably a deep water which has 
ascended from the Cambrian and Ordovician rocks under artesian 
pressure, and it is probably similar to the solutions that deposited 

84551°— Bull. 606—15 18 
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the ores. So also there must be a constant deep-eeated increment 
to the mine waters of all the mining districts of the Joplin region, 
though this increment may be almost completely masked by the 
seasonal variations. 

20. Calculations based on the large-quantity analyses of the Cam- 
brian and Ordovician rocks of the Ozark dome show that they contain 
more than 1,000 times as much zinc as is estimated to have been con- 
tfuned in the minable and muninable ore bodies of the dome. The 
zinc content of the pore water in the Cambrian and Ordovician rocks 
of the dome is one-thirteenth that of the estimated ore bodies of the 
dome. The pore water would have to be completely changed 13 times 
to transport the metals of the ore bodies. The original pore water of 
the dome probably had approximately the composition of sea water. 
If sea water is diluted to twice its volume 13 times in succession the 
solution will have only t^ of its original salinity. On comparing 
the saline content of sea water divided by 8192 with the average 
saline content of the water of a number of wells about Joplin it is 
found that the well waters contain nine times as much of the alkali 
metals and three times as much chlorine. The excesses in alkaline 
earUis and sulphate are much greater, but they are obviously con- 
tributed by the surface waters added to the artesian circulation. 
The close agreement of the alkalies and the chlorine with the theo- 
retical dilution indicates that ihe ground water has changed just 
about the number of times necessary to transport the metals of the 
ore depoMte. 
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